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ABSTRACT
Be stars are main-sequence massive stars with emission features in their spectrum,
which originates in circumstellar gaseous discs. Even though the viscous decretion disc
(VDD) model can satisfactorily explain most observations, two important physical
ingredients, namely the magnitude of the viscosity (α) and the disk mass injection
rate, remain poorly constrained. The light curves of Be stars that undergo events
of disc formation and dissipation offer an opportunity to constrain these quantities.
A pipeline was developed to model these events that uses a grid of synthetic light
curves, computed from coupled hydrodynamic and radiative transfer calculations. A
sample of 54 Be stars from the OGLE survey of the Small Magellanic Cloud (SMC)
was selected for this study. Because of the way our sample was selected (bright stars
with clear disc events), it likely represents the densest discs in the SMC. Like their
siblings in the Galaxy, the mass of the disc in the SMC increases with the stellar mass.
The typical mass and angular momentum loss rates associated with the disk events
are of the order of ∼10−10 M yr−1 and ∼5 × 1036 g cm2 s−2, respectively. The values of
α found in this work are typically of a few tenths, consistent with recent results in
the literature and with the ones found in dwarf novae, but larger than current theory
predicts. Considering the sample as a whole, the viscosity parameter is roughly two
times larger at build-up (〈αbu〉 = 0.63) than at dissipation (〈αd〉 = 0.26). Further
work is necessary to verify whether this trend is real or a result of some of the model
assumptions.
Key words: circumstellar matter – radiative transfer – stars: emission-line, Be –
stars: mass-loss – techniques: photometric – hydrodynamics
1 INTRODUCTION
In a classical, observational, and quite broad definition, a Be
star is a hot, massive star, with a B spectral type (mass rang-
ing roughly from 3 to 17 M), non-supergiant, whose spec-
trum has, or had at some time, one or more Balmer lines in
emission (Jaschek et al. 1981; Collins 1987). In a more mod-
ern and theoretically-oriented definition, a Be star is a very
rapidly rotating and non-radially pulsating B star that forms
a geometrically thin viscous decretion disc (VDD) composed
of an outwardly diffusing, viscosity driven gaseous Keplerian
? E-mail: lrrimulo@usp.br
disc that is fed by mass ejected from the central star (Riv-
inius et al. 2013), and a possibly non-negligible line-driven
wind (Kee et al. 2016). There is no evidence of large scale
magnetic fields in Be stars (Wade et al. 2012, 2016). Fast
stellar rotation lowers the effective gravity near the stellar
equator and a second mechanism, likely to be stellar pulsa-
tion (Rivinius et al. 1998; Baade et al. 2016; Rivinius et al.
2016), is responsible for pushing this near equatorial matter
into orbit in the inner disc. Once in orbit, a viscous mech-
anism takes place, diffusing matter and angular momentum
outwards, thus making the disc grow.
Be stars are usually quite variable in all observables and
in several timescales (days, weeks, months or even years).
The variability observed in Be stars indicates that the in-
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jection of matter and angular momentum into the disc is
frequently quite erratic, with sudden outbursts of mass in-
jection and periods of no or negligible mass injection. Riv-
inius et al. (2016) propose a terminology, which will be used
here, in which a star that possesses a disc is said to be active
and, conversely, when there is no detectable disc, the star is
inactive. Two additional terms are used to distinguish the
phases of active disc formation (outbursting Be star) and
dissipation (dissipating Be star).
It has been demonstrated (e.g., Haubois et al. 2012) that
a Be disc fed roughly at a constant rate, and for a sufficiently
long time (a few to several years, depending on the value
of the viscosity), reaches a quasi-steady state in which the
density is nearly constant in time. If the gas temperature is
properly taken into consideration, the radial density profile
is typically a complicated function of the distance from the
star (e.g., Carciofi & Bjorkman 2008). However, a usual ap-
proximation is to consider the gas to be isothermal, in which
case the density profile assumes a power-law form. This sim-
ple steady-state VDD has been successful in describing the
main observed features of individual Be discs (Carciofi et al.
2006, 2007; Jones et al. 2008b; Carciofi et al. 2009; Klement
et al. 2015, 2017) and samples of Be stars (Silaj et al. 2010;
Touhami et al. 2011; Vieira et al. 2017). However, despite
its great success, there are several open and intriguing the-
oretical questions about the VDD model. Besides the fact
that a good description of the mechanism responsible for
putting stellar material into orbit is still needed, a complete
physical understanding of the forces that drive these discs is
also lacking. It has been commonly assumed that the forces
operating on the discs are the gravity from the central star
and the forces that come from the gradient of pressure and
from viscosity, the latter being the one capable of producing
torque. Recently, Kee et al. (2016) showed that radiative line
forces may also generate a non-negligible torque, at least for
gaseous discs with Solar metallicity. In this work we will
proceed with the assumption that line-driven forces are neg-
ligible. We mitigate this potential issue by choosing to study
Be stars in the SMC, whose low metallicity will greatly de-
crease the strength of the line forces.
In the alpha-disc formalism, the kinematic viscosity is
scaled with the α parameter, defined such that the Rφ com-
ponent of the stress tensor is proportional to the gas pres-
sure: WRφ = −αP. The most reliable and direct way of es-
timating α is to study the time-dependent disc behaviour,
where the diffusive effect of viscosity will have clear observa-
tional counterparts. Therefore, light curves of long temporal
coverage, such as the ones given by microlensing or plane-
tary transit surveys, are excellent instruments to study the
dynamical processes in action on the disc, as it builds-up
and dissipates.
Dynamical studies of Be star viscous discs are still quite
scarce. Jones et al. (2008a), using a 1-D time-dependent
treatment of the alpha-disc and a non-LTE radiative transfer
code, studied the temperature and density profiles of a dy-
namical disc and their respective Hα line profiles. Haubois
et al. (2012) studied the theoretical photometric effects of
time variable mass injection rates on the structure of the
disc also using a 1-D time-dependent treatment of the alpha-
disc, associated with the Monte Carlo radiative transfer code
HDUST (Carciofi & Bjorkman 2006, 2008). Carciofi et al.
(2012), by fitting these dynamical models to a dissipating
portion in the light curve of the Be star 28 CMa (which
passed from an outbursting phase, that lasted from 2001 to
2003, to a dissipating phase at the end of 2003), estimated
the value of the α parameter for the Be disc of 28 CMa
to be α = 1.0 ± 0.2. Later, however, it was realised that a
proper consideration of the previous history of the disc must
be taken into consideration even when fitting the dissipat-
ing portion of the light curve, and this quite high value has
been revisited to be closer to α = 0.2 (Ghoreyshi & Carciofi
2017).
Another intriguing issue regarding Be stars is how they
acquired such high rotation rates (typically 80% of break-
up, Rivinius et al. 2013). As the rotating B star evolves,
core contraction and internal angular momentum redistri-
bution generally tends to enhance surface angular rotation
(Ekstro¨m et al. 2008; Granada et al. 2013). Another scenario
(e.g., Pols et al. 1991) would involve a past mass-transfer
phase in a binary system, during which the primary donates
mass and angular momentum to the secondary. The left-over
of such a system would be a fast-spinning Be star (the for-
mer mass gainer) and a subdwarf O or B star (sdO/sdB, the
former mass donor). Regardless of how they were spun-up,
it has been proposed (Krticˇka et al. 2011) that the discs of
Be stars may provide natural mechanisms for removing large
quantities of angular momentum from the fast rotating stars,
preventing them to reach the rotation critical limit. The evo-
lutionary models of Granada et al. (2013) assumed the ap-
pearance of completely formed viscous discs every time their
models reached a near-critical rotation. The mass density
and the rate of angular momentum loss of their discs were
roughly similar to the ones estimated by Vieira et al. (2017),
who modelled the spectral energy distribution (SED) of 80
Be stars using the VDD model, provided that values of α of
at least a few tenths were assumed in both approaches.
The main objective of this paper is to build upon the
previous dynamical studies of Be discs and provide, for the
first time, a detailed study of the temporal evolution of a
large sample of Be stars from the Small Magellanic Cloud
(SMC). By studying a large sample of stars, we may begin to
answer several open questions related to Be stars and their
discs, namely: i) What is the typical value of the viscosity in
these discs? ii) Is there any significant evidence for a depen-
dence of α with parameters such as the density of the disc,
the spectral type of the star, etc.? iii) What are the typical
rates of mass and angular momentum loss in these stars? To
reach these goals we developed a new method for modelling
the light curves of Be stars, described in Sects. 2 and 3. The
sample of studied light curves is described in Sect. 4, and
the model results are discussed in Sect. 5, followed by the
conclusions.
2 VISCOUS DECRETION DISCS AROUND BE
STARS
The optical light curves of early-type Be stars (with spec-
tral type ranging roughly from B0 to B4) are usually quite
variable in timescales of days to years, with amplitudes of
up to tenths of a magnitude (Rivinius et al. 2013). The ma-
jority of them show very irregular variability. Most present
clear single bump-like features, characterised by a fast rise in
brightness followed by a slower fading. Frequently, between
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Figure 1. Two light curves, in photometric bands V (green), and I (red), selected from the OGLE-II and OGLE-III photometric
surveys. Above: light curve of SMC SC1 75701, showing two bumps. Below: light curve of SMC SC6 128831, showing a dip. The pair of
vertical dotted straight lines near JD − 2450000 = 2000 separates OGLE-II from OGLE-III data. The measurements shown in purple are
assumed to represent the inactive (discless) brightness level of the Be star. Their mean is given by the horizontal purple straight lines.
The pairs of vertical orange straight lines bracket our visually selected bumps. These bumps are modelled in Figs. 8 and 9.
the brightening and the fading phases some sort of plateau of
nearly constant brightness is seen. Sometimes these bumps
are reversed, so that an initial fast fading is followed by
a slow recovering of the stellar brightness. Two examples of
light curves showing these dips are presented in Fig. 1, taken
from OGLE-II (Udalski et al. 1997) and OGLE-III (Udalski
et al. 2008) data, for two Be star candidates from the SMC,
based on the selection made by Mennickent et al. (2002).
Object SMC SC1 75701 shows two bumps, while SMC SC6
128831 shows a dip.
These bumps and dips resemble the photometric fea-
tures shown in Haubois et al. (2012, e.g., their Fig. 14),
where a circumstellar viscous disc builds up as a result of a
mass injection into the disc at a constant rate, and then dis-
sipates after the mass injection ceases. Haubois et al. (2012)
studied several disc feeding scenarios (constant, cyclic, and
outburst) and their photometric counterparts, and demon-
strated that the bumps are disc formation/dissipation events
of active Be stars seen at near pole-on inclination angles
(i . 70 deg), while the dips are associated with near edge-on
Be stars (often called shell stars, i & 70 deg). The inclination
angle plays an important role on how the stellar brightness is
modified by the presence of disc because, in the second case
(edge-on), the disc is seen projected against the stellar disc,
thus causing an attenuation of the stellar radiation. This at-
tenuation does not happen for the pole-on case, where the
net effect of the disc is to increase the optical brightness as
a result of free-bound and free-free radiation from the gas
(Gehrz et al. 1974; Vieira et al. 2015).
In this section, we describe the basic hydrodynamical
concepts of gaseous VDDs, with a focus on how to model the
aforementioned events of disc construction and dissipation
responsible for the bumps seen in the light curves of active
Be stars. The evolution of the surface density,
Σ(R, t) =
∫ ∞
−∞
ρ(R, z, t)dz , (1)
of thin circumstellar axisymmetric discs of Be stars is de-
scribed by the following equation (Papaloizou & Lin 1995)
∂Σ
∂t
+
1
R
∂
∂R
(RΣvR) = SΣ , (2)
where R and z are cylindrical coordinates, RΣvR is the mass
flux crossing radius R per azimuthal angle, SΣ represents the
sources and sinks of mass in the disc per unit of area (see
below), and ρ is the mass density. In Be discs with azimuthal
MNRAS 000, 1–109 (2017)
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symmetry, as assumed in this work, the mass flux at a given
radius (2piRΣvR) can switch between a positive (decretion)
and negative (accretion) value, in response to changes in SΣ.
In the circumstellar alpha-disc formulation, the mass flux is
given by
2piRΣvR = −4pi
(
R
GM
) 1
2 ∂
∂R
(
R2αc2sΣ
)
, (3)
where c2s = kTdisc/µmH is the isothermal sound speed and α
is the viscosity parameter.
The orbital velocity of the disc, vφ, is assumed to be
Keplerian (vφ = vK = vorb R˜−1/2, with vorb = (GM/Req)1/2
and R˜ = R/Req, where Req is the stellar equatorial radius).
This assumption holds as long as the gravitational force is
much larger than the force due to the pressure gradient,
which is generally true for distances from the star of dozens
to a few hundreds of stellar radii (Okazaki 2001), as long as
(cs/vK )2  1.
The function SΣ is the rate of mass injected into (or
removed from) the disc per unit of area. It represents the
variable mass exchange between the star, the disc and the
outer medium. We consider that, during outbursts, mass is
put into orbit along a very thin ring of radius Rinj close to
the stellar equator. Therefore, we assume
SΣ = ÛMinj(t)
δ(R − Rinj)
2piR
+ boundaries , (4)
where ÛMinj(t) is the mass injection rate from the star into
the disc at Rinj.
In addition, mass can flow away from the disc through
its boundaries. Mass can fall back into the star through the
inner boundary at Req, or it can leave the system at an outer
boundary, Rout. The outer boundary can be interpreted as
the limiting radius of the disc due to a binary companion
(e.g., Okazaki et al. 2002) or due to the photoevaporation of
the disc (e.g., Okazaki 2001). We consider that all mass that
eventually reaches the stellar equator Req is totally absorbed.
The same is assumed for the mass that eventually reaches
an outer radius Rout (see below for the definition of Rout).
Therefore, the boundaries consist of Σ(Req, t) = Σ(Rout, t) = 0.
For the hydrodynamical simulations, we assume the disc
to be isothermal, with Tdisc = 0.6Teff , following Carciofi &
Bjorkman (2006). We further assume that the α parameter
is constant with R, but we allow it to possibly be time-
dependent, as there is evidence that it might happen in
discs of Be stars (Ghoreyshi & Carciofi 2017). Consequently,
Eqs. (2)–(4) can be scaled in the following way
∂Σ
∂t
=
1
τ
{
2
R˜
∂
∂ R˜
[
R˜
1
2
∂
∂ R˜
(
R˜2Σ
)]
+ τSΣ
}
, (5)
where we introduce the timescale parameter , τ(t), given by
τ(t) = 1
α(t)
(
R3eq
GM
) 1
2 v2orb
c2s
. (6)
The timescale parameter is proportional to the viscous
timescale at the stellar equator, which is given by tvis = R2/ν,
where the viscosity ν is given by ν = (2/3)αc2sR/vK . Since we
are in the thin disc limit (c2s/v2K  1), we see that τ is much
larger than the orbital period at the stellar equator, given
by 2pi(R3eq/GM)1/2.
The solution of Eq. 5 is scaled in time by the timescale
parameter, which controls how fast matter is distributed
throughout the disc and, consequently, its observational
counterparts. It follows that by fitting observed light curves
of Be stars, this parameter can be estimated, and once other
parameters are known (Req, M, Tdisc), the α value can be de-
termined (e.g., Carciofi et al. 2012).
In order to generate models that do not depend on the
time-dependent form of α(t) and also on the parameters Req,
M and Tdisc, which are related to the central star, we define
a time parameter, τ˜(t), such that
dτ˜ =
dt
τ(t) , (7)
which allows us to solve Eq. (5) in terms of τ˜ instead of the
physical time t. The advantage of using this new variable
is that it separates the problem of the time dependency of
α(t) from the problem of solving Eq. (5). Consequently, it
allows us to create a grid of solutions of that equation that
is independent of α(t), Req, M and Tdisc (see Sect. 3)
In this work, Eq. (5) is solved numerically by the 1-D
thin-disc code SINGLEBE (Okazaki 2007). At selected time
parameters τ˜, the solution Σ(R˜, τ˜) enters as input for the
Monte Carlo 3-D radiative transfer code HDUST (Carciofi
et al. 2004; Carciofi & Bjorkman 2006, 2008) that calcu-
lates the emergent spectrum of the star+disc system. To
convert between surface density and mass density (Eq. 1),
it is assumed that the disc is vertically sustained by hydro-
static pressure, in which case the vertical density profile is
a Gaussian, and
ρ(R˜, z, τ˜) = Σ(R˜, τ˜)√
2piH
e−
z2
2H2 , (8)
where
H
Req
=
(
cs
vorb
)
R˜
3
2 (9)
is the scale height.
Before moving on to the modelling of bump-like events
such as the ones of Fig. 1, we introduce in the next section
some important parameters of the dynamical discs implied
in the equations shown above.
2.1 Dynamical disc parameters
The radius of mass injection divides the disc in two regions:
a narrow region between the inner boundary and the radius
of mass injection (1 ≤ R˜ ≤ R˜inj), and the much wider region
between the radius of mass injection and the outer bound-
ary (R˜inj ≤ R˜ ≤ R˜out). The steady-state solution of Eq. (5)
corresponds to the limiting case of a disc that has been fed
at a constant rate for an infinitely long time. It is obtained
by setting ∂Σ/∂t = 0 and assuming that α and ÛMinj are time-
independent. The surface density in the steady-state is given
by
Σsteady(R˜) =

Σ0
R˜2
©­« R˜
1
2 −1
R˜
1
2
inj−1
ª®¬Υ, 1 ≤ R˜ < R˜inj
Σ0
R˜2
(
R˜
1
2
out−R˜
1
2
R˜
1
2
out−1
)
, R˜inj ≤ R˜ ≤ R˜out
, (10)
where Υ = (R˜1/2out − R˜1/2inj )/ (R˜
1/2
out − 1) is a number usually
very close to 1 for any Be disc.
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The physical quantity Σ0 represents the surface den-
sity at Req, obtained by extrapolating Σsteady in the domain
R˜inj ≤ R˜ ≤ R˜out to Req. We will refer to this physical quantity
as the asymptotic surface density , as it is the asymptotic
value reached after an infinitely long disc build-up under a
constant ÛMinj. It is easily shown that Σ0 is related to ÛMinj by
the following equation
2piReqΣ0
(
Req
τ
)
= ÛMinj
(
R˜
1
2
inj − 1
)
≡
(
− ∂M
∂t
)
typ
, (11)
where (∂M/∂t)typ is defined below.
We may extend Eq. (11) to the general case of a time-
dependent ÛMinj(τ˜), which would define, by the same equa-
tion, a time dependent asymptotic surface density, Σ0(τ˜).
The function Σ0(τ˜), therefore, is just another way of spec-
ifying the history of mass injection from the star into the
disc. It has, however, the advantage of being a surface den-
sity, which is a quantity that may be determined from, e.g,
SED analyses, in contrast to the mass injection rate and the
radius of mass injection, which are parameters that cannot
be observationally determined.
The steady-state solution (Eq. 10) shows that, in the
wider domain R˜inj ≤ R˜ ≤ R˜out, the density profile of the
disc is not altered if R˜inj is changed, provided that ÛMinj is
also changed in order to maintain Σ0 fixed, according to
Eq. (11). In fact, we verified that the time-dependent solu-
tions of Eq. (5) in the domain R˜inj ≤ R˜ ≤ R˜out are negligibly
affected by the particular choice of R˜inj or ÛMinj(τ˜), as long as
the quantity Σ0(τ˜) is kept fixed. This is a consequence of the
fact that the dynamical solutions reach a near steady-state
very quickly in the vicinity of the injection radius (Haubois
et al. 2012). Furthermore, provided that mass is injected not
too far from the stellar photosphere (i.e., assuming R˜inj ' 1),
the domain 1 ≤ R˜ ≤ R˜inj is much narrower than the region
where the continuum visual flux of Be stars is generated
(Carciofi 2011), which means that the emission from this re-
gion can be ignored. Consequently, we conclude that Σ0(τ˜)
(with the assumption that R˜inj ' 1) is a much better pa-
rameter for describing the mass injection history of the disc
than the pair of parameters ÛMinj(τ˜) and R˜inj.
The time-dependent solutions of Eq. (5) generally show
that, for Be stars dynamically feeding the disc but still far
from steady-state, the mass flux close to R˜inj has absolute
values of the order of (−∂M/∂t)typ, defined by Eq. (11).
Therefore, we refer to this quantity as the typical decre-
tion rate, which depends on parameters relatively easy to
estimate from SEDs of Be stars.
In our simulations, since the values of ÛMinj and R˜inj
are of no interest, and the value of R˜out is quite uncertain,
we arbitrarily chose R˜inj = 1.017 and R˜out = 1000 (we dis-
cuss below how this choice of R˜out might affect our results).
Eq. 11, therefore, shows that the typical decretion rate is
much smaller than the mass injection rate ÛMinj(τ˜). In our
case, the typical decretion rate is only 8.46 × 10−3 ÛMinj. This
means that the majority of the injected mass flows inwards
and is absorbed by the inner boundary at the stellar equa-
tor, and only a small remaining fraction of the injected mass
is responsible for the growth of the disc. These results were
first obtained from SPH simulations of Be discs by Okazaki
et al. (2002), who found that only about 0.1% of the injected
material flows outward, as a direct result of their choice for
Rinj.
It can be shown, by substitution of Eqs. (10) and (11) in
Eq. (3) that, in steady-state, only the fraction of the injected
mass given by ÛMinj(1−Υ) is flowing outwards through the disc
and crossing the outer radius Rout, thus leaving the system.
For our assumed values for R˜inj and R˜out, 1 − Υ = 2.84 ×
10−4. Since the mass of the disc is not varying in steady-
state, the mass flux given by ÛMinj (1 − Υ) is actually the rate
of mass being lost by the star, which we will indicate by
(−∂M/∂t)steady. It is easily seen that it is related to the typical
decretion rate by the following equation(
− ∂M
∂t
)
steady
=
Λ
R˜
1
2
out
(
− ∂M
∂t
)
typ
, (12)
where Λ = 1/(1 − R˜−1/2out ) is a number very close to 1 for any
Be disc in general.
In steady-state, the angular momentum escaping the
system at the outer boundary (and also being lost by the
star) is (GMRout)1/2 ÛMinj(1 − Υ), and is written as(
− ∂J
∂t
)
steady
= Λ
(
GMReq
) 1
2
(
− ∂M
∂t
)
typ
. (13)
From Eq. (12) we see that knowing R˜out is essential for esti-
mating the rate of mass being lost by the star. Interestingly,
this is not the case for the rate of angular momentum being
lost by the star, given by Eq. (13).
2.2 The Mass Reservoir Effect
It is important to stress that the solution Σ(R˜, τ˜) is shaped
not just by the mass injection rate Σ0(τ˜) at the specific in-
stant τ˜, but by the whole mass injection history before the
instant τ˜. Therefore, the advantage of studying the relatively
isolated bumps like the ones exemplified in Fig. 1, which
started after a clear inactive phase, is that there is no disc
present when the bump starts developing; thus, no previous
history of mass injection has to be taken into account in the
beginning of the modelling.
The light curves of several Be stars show that the dura-
tion of the build-up phase, which we refer to as the build-up
time, is variable between Be stars and even between different
bumps from the same star, ranging from a few days to years.
The following phase of disc dissipation, however, contrary to
the build-up phase, depends of the previous history of mass
injection. For this reason, the modelling of the dissipation
phase must not be disconnected from the modelling of the
build-up phase that happened before it.
One of the main consequences of this fact is the mass
reservoir effect (see also Ghoreyshi & Carciofi 2017). Ba-
sically, discs that had a longer build-up phase necessar-
ily transported more matter and angular momentum out-
wards and created a larger external reservoir of mass and
angular momentum in its outer regions, which usually ex-
tend far beyond the first few stellar radii where the visible
photometric observables are formed. It is common, for in-
stance, that some bumps reach plateaus during the build-
up phase. The plateau indicates that the density in the in-
ner disc has reached near-steady-state values and, conse-
quently, there is little photometric variation in the visible
wavelengths. The outer disc, however, will likely be far from
steady-state and thus will continue to increase in density and
MNRAS 000, 1–109 (2017)
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mass. When mass injection ceases, the dissipation phase be-
gins. Re-accretion occurs and, due to the more massive outer
disc, the inner disc remains relatively denser for a longer
time. This makes the dissipation of the disc appear slower
in the observed light curves. Conversely, a disc that had a
small build-up time would dissipate much faster.
The importance of the mass reservoir effect can be as-
sessed by the reevaluation of the α parameter in 28 CMa by
Ghoreyshi & Carciofi (2017). Carciofi et al. (2012) modelled
the 2003 dissipation phase of 28 CMa by considering a very
long previous build-up time, and found that a high value
of α was necessary (1.0 ± 0.2) to match the observed dis-
sipation rate. Ghoreyshi & Carciofi have shown that when
the previous build-up phase is properly accounted for in the
modelling, the value of α required to match the dissipation
rate is much smaller (0.21 ± 0.05).
3 A MODEL GRID OF DISC FORMATION
AND DISSIPATION EVENTS
In this section we describe the method we developed for
fitting the light curves associated with events of disc forma-
tion and dissipation. The method consists of precomputing
a large grid of dynamical models of the time-dependent disc
structure, covering the entire range of observed scenarios
(Sect. 3.1) and performing the radiative transfer in these
models to produce synthetic light curves (Sect. 3.2). The
observed light curves are then fitted by the synthetic one
using the procedure described in Sects. 3.3 and Sect. 3.4.
3.1 Dynamical model grid
For building a comprehensive grid of dynamical models that
are solutions of Eq. 5, we used the definitions of Sect. 2 that
allow us to write the solution Σ(R˜, τ˜) in terms of Σ0(τ˜) and
the dimensionless parameter τ˜.
As discussed in Sect. 2.2, the advantage of studying rel-
atively isolated bumps like the ones exemplified in Fig. 1,
which started after a clear inactive phase, is that there is
no previous history of mass injection to be taken into ac-
count for the modelling, so that during build-up the shape
of the curve is controlled solely by Σ0(τ˜) and τ˜, while for
dissipation the previous disc build-up time should also be
considered (Sect. 2.2). By using the time parameter (Eq. 7)
instead of the physical time, our dynamical models are in-
dependent of the specific physical parameters M, Teff , Req
and α(t) of the Be star under consideration (Eq. 6). Also,
from the linearity of Eq. 5, it follows that multiplying Σ0(τ˜)
by some constant results in the solution Σ(R˜, τ˜) multiplied
by the same constant. Consequently, only one value of Σ0
during the build-up phase is necessary.
For our grid of dynamical models, we therefore assume
that our Be stars start discless. At instant τ˜ = 0, mass in-
jection into the disc begins at an arbitrary constant rate
(Σ0 > 0) that lasts until τ˜ = τ˜bu, which we refer to as the
scaled build-up time, since it is related to the above men-
tioned build-up time, but scaled by the timescale parameter.
After that (τ˜ > τ˜bu), mass injection no longer occurs (Σ0 = 0)
and the disc dissipates. In Appendix A, we further discuss
the properties of these dynamical models.
We chose 11 values of τ˜bu, listed in Table 1. Since the
timescale parameter (Eq. 6) is roughly given by ∼ (100–
200)/α days for early Be stars in the main sequence with
α . 1, these values correspond to real build-up times of at
least 15 days, which brackets the observed build-up times of
the sample described below (Sect. 4, Table 5). In this study,
we decided not to model the bumps with observed build-
up times lower than about 15 days, usually referred to as
flickers (Keller et al. 2002).
3.2 Radiative transfer models
Having selected a set of suitable hydrodynamic bump mod-
els, the next step is to produce photometric light curves of
these models. The radiative transfer part of the problem re-
quires a stellar model, which will be the primary source of
radiation. The stellar model depends on the physical pa-
rameters M, Req and Teff , which were left unspecified in the
dynamical model grid. In addition, three other parameters
must be specified: the viewing angle, i (i = 0 means pole-on
orientation), the distance to the star, d, and the interstellar
reddening.
One important feature of the central stars of Be stars is
that they are fast rotators. Fast rotation causes the star to
be oblate, with hotter poles and colder equatorial regions.
Rotation is specified by the ratio of the rotation velocity
at the equator to the Keplerian velocity at the equator,
W = veq/vorb. The ratio between the equatorial radius to the
polar radius is given by Req/Rpole = 1 +W2/2 for a Roche-
shaped star. All these parameters evolve in time as a con-
sequence of stellar evolution, and Be stars can be found in
luminosity classes from V to III (Rivinius et al. 2013). We
adopt the Geneva evolutionary tracks (Georgy et al. 2013)
to determine Req and Teff given M and the age in the main
sequence, tMS.
The current version of HDUST allows for a spheroidal
rotationally oblate star, with the latitude-dependent surface
temperature being given by Tsurf ∝ gβeff (Carciofi et al. 2008).
Here, the coefficient β(W) is calculated by fitting a straight
line to the gradient ∂ lnTsurf/∂ ln geff given by the flux theory
of Espinosa Lara & Rieutord (2011). For the disc scale height
(Eq. 9), we assume an isothermal disc with Tdisc = 0.6Teff ,
where Teff is the effective temperature of the star, defined by
Teff = (L∗)1/4(σS∗)−1/4, with S∗ being the surface area of the
star.
In order to generate synthetic absolute magnitudes from
the computed SEDs, we used the standard BVRI Johnson-
Cousins passbands from Bessell (1990) and the Vega flux
from Castelli & Kurucz (1994) as standard of calibration.
A grid of model light curves was computed using the
11 dynamical models described in Sect. 3.1, with 8 different
values of Σ0 (third column of Table 1). For each of these
disc models, radiative transfer models were calculated with
HDUST at 17 different time parameters (not shown in the
table) and 15 equally-spaced values of cos i (second column).
This whole process was done for 3 different stellar models
(“Star 1”, “Star 2” and “Star 3”, first column of Table 1,
according to the stellar models of Georgy et al. 2013). Details
on the stellar models are given in Table 2. They were chosen
to represent early B-type stars from the SMC (Z = 0.002),
in the middle of their life in the main sequence, with the
rotation parameter given by the mean value obtained for Be
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Table 1. Parameters of the grid of photometric models of bumps
Star i [deg] Σ0 [g cm−2] τ˜bu
Star 1 00.0 0.30 00.15
Star 2 21.8 0.41 00.45
Star 3 31.0 0.56 00.75
38.2 0.75 01.50
44.4 1.01 02.25
50.0 1.37 03.00
55.2 1.85 04.50
60.0 2.50 06.00
64.6 09.00
69.1 15.00
73.4 30.00
77.6
81.8
85.9
90.0
Table 2. Parameters of the stellar models of Table 1
Star Z M [M] W t/tMS ατ [d]
Star 1 0.002 7 0.81 0.5 90.4
Star 2 0.002 11 0.81 0.5 103.3
Star 3 0.002 15 0.81 0.5 118.9
Table 3. Parameters of the grid of photometric models of discless
stars
Z M/M W t/tMS i [deg]
0.002 2.50 0.447 0.00 00.0
3.68 0.633 0.20 27.3
4.85 0.775 0.40 38.9
6.00 0.894 0.60 48.2
7.15 0.949 0.80 56.3
8.29 1.00 63.6
9.42 70.5
10.54 77.2
11.66 83.6
12.78 90.0
13.89
15.00
20.00
stars (W = 0.81, Rivinius et al. 2006). In the sixth column
of Table 2, we present the values of ατ (Eq. 6) for the discs
of these stars (with the assumption that Tdisc = 0.6Teff). In
short, a single light curve is specified by taking one element
of each column of Table 1. The end result was a grid of
3 × 15 × 8 × 11 = 3960 light curves, for each of the BVRI
bands.
A grid of inactive (discless) stellar models was also cal-
culated. Because these models can be computed much faster
than the bump models, we were able to cover a much finer
grid of stellar parameters (Table 3), aiming at a better de-
termination of the stellar parameters. The grid is composed
by models for 13 different masses (second column), 5 differ-
ent rotation rates (third column), 6 equally spaced values for
the age in the main sequence (forth column) and 10 equally
spaced values of cos i (fifth column), resulting in a total of
13 × 5 × 6 × 10 = 3900 photometric models for each of the
BVRI bands.
3.3 Empirical law
In order to facilitate the comparison of the synthetic light
curves (Sect. 3.2) with the observed ones (Sect. 4), we de-
veloped two empirical laws that match quite closely the syn-
thetic light curves for build-up and dissipation. The useful-
ness of these formulae will become clear in the next section.
In our discussion of the features of the light curves, it
is useful to separate them in three groups: (i) pole-on light
curves, of stars seen at small inclination angles (0 ≤ i .
70 deg), which should statistically correspond to the major-
ity of the observed light curves; (ii) edge-on light curves, of
shell stars (i ≈ 90 deg); and, (iii) intermediate light curves,
of stars seen at intermediate angles (70 . i . 85 deg – the
extension of this intermediate region varies depending the
photometric band under consideration and will be defined
below). Pole-on light curves show an increase in apparent
brightness, due to the additional flux coming from the disc.
Conversely, edge-on light curves show a decrease in appar-
ent brightness, due to obscuration of the star by the disc.
The intermediate case shows the smallest variations in ap-
parent brightness, and frequently the light curve has a more
complicated shape, as it is influenced by variable amounts
of disc emission/absorption.
A computed light curve is a sequence of absolute mag-
nitudes for a set of time parameters, in a given photometric
band X, given by
MX (τ˜) = MX∗ + ∆X(τ˜) ,
where MX∗ is the absolute magnitude of the inactive Be star
at band X, and ∆X(τ˜) is the magnitude difference caused by
the disc (∆X(τ˜) can be either positive or negative). MX∗ can
be estimated from the light curve during the inactive phase
(e.g., the purple points of Fig. 1). A build-up light curve (for
τ˜ − τ˜bu < 0) is denoted by ∆Xbu(τ˜). Its limiting value, if the
build-up phase were to have an infinite duration, is denoted
by ∆X∞bu – the photometric excess of the disc when in steady-
state. A dissipation light curve (for τ˜ − τ˜bu ≥ 0) is denoted
by ∆Xd(τ˜). Its value at the beginning of the dissipation (τ˜ =
τ˜bu) is given by ∆X0d . Since every dynamical model starts
from a discless state and asymptotically ends at a discless
state, it follows that, regardless of the viewing angle, for
every build-up light curve the quantity ∆Xbu(τ˜)/∆X∞bu is a
function that goes from 0 to 1 as τ˜ goes from 0 to ∞, and
for every dissipation light curve, the quantity ∆Xd(τ˜)/∆X0d is
a function that goes from 1 to 0 as τ˜ − τ˜bu goes from 0 to
∞. In Appendix B, we show examples of light curves that
accompany the conclusions drawn on this section.
The values of ∆I∞bu for our grid are shown in Fig. 2,
plotted against cos i. The values for the BVR bands show
qualitatively similar patterns to the ones presented in this
figure. Each panel shows the results for a different star, and
all 11 values of Σ0 (Table 1) are represented in the figure
by different colours and symbols. The curves monotonically
increase with cos i, starting with negative values at edge-on
orientation and reaching a maximum for pole-on viewing.
The angle for which ∆X∞bu = 0, where the disc excess emission
is exactly matched by the absorption of photospheric light
MNRAS 000, 1–109 (2017)
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Figure 2. The values of ∆I∞bu versus cos i for our grid. From top to
bottom, the results are for Star 1, Star 2 and Star 3, respectively.
Purple, blue, green, orange and red circles correspond to Σ0 =
2.50, 1.85, 1.37, 1.01, 0.75 g cm−2. Purple, blue and green triangles
correspond to Σ0 = 0.56, 0.41, 0.30 g cm−2. Vertical dotted lines
define the region of intermediate angles for the I-band (73 . i .
84 deg).
by the disc, depends both on the density scale (as shown in
the figure) and (most importantly) on the band pass.
An analysis of our model grid allowed us to determine
the ranges in inclination angle for which the light curve
displays the intermediate behaviour described above. They
were determined by visual inspection of our model grid, as
the angles for which the light curves present more complex
shapes (see, e.g., the I-band light curves seen at i = 81.8 deg
and i = 77.6 deg in Fig. B1 of Appendix B). Their adopted
values are 53–78 deg, 60–78 deg, 66–84 deg and 73–84 deg for
the BVRI bands, respectively.
For pole-on orientations, the observed excess is given
by ∆X ≈ −2.5 log(1 + Fdisc/F∗) ≈ −Fdisc/F∗. Vieira et al.
(2015) studied the continuum emission from gaseous discs,
and showed that it can be approximated by the sum of the
flux coming from an optically thick inner part (the so-called
pseudophotosphere) with the contribution from an optically
thin outer part, i.e.,
Fdisc ∝ Fthick cos i + Fthin . (14)
If the contribution of the optically thin part of the disc were
negligible and the stellar flux, F∗, did not depend on cos i,
∆X would be a linear function of cos i. Clearly this is not the
case for the entire range of cos i, and both the optically thin
and thick parts of the disc contributes to observed behaviour
of ∆X vs. cos i. This pseudo-photosphere concept will be im-
portant to understand the growth and decay rates of the
light curves, discussed below.
Figure 2 also shows that the excesses increase a little
when moving from a low- to a high-mass star, for discs with
Figure 3. Comparison of the empirical law (black straight lines)
with the computed light curves for build-up and dissipation. Top
panels: log− log derivative of 1−∆Ibu(τ˜)/∆I∞bu vs. ∆Ibu(τ˜)/∆I∞bu. Bot-
tom panels: log− log derivative of ∆Id/∆I0d vs. 1−∆Id/∆I0d , for values
of τ˜bu equal to 0.45, 1.5, 6 and 30. The results are shown for Star
2 at two inclination angles: i = 0 deg (left), and i = 90 deg (right).
The green, red and blue curves correspond to Σ0 equal to 1.37,
0.75 and 0.41 g cm−2.
the same other features. This is a consequence of the fact
that the stellar flux relative to the disc flux increases with
the luminosity of the star.
Both the pole-on and edge-on light curves have func-
tions ∆Xbu(τ˜)/∆X∞bu and ∆Xd(τ˜)/∆X0d that are qualitatively
similar to each other, suggesting that they could be approx-
imated by simple and general formulas of τ˜. This is illus-
trated in Fig. 3, where we compare the values of ∆Ibu(τ˜)/∆I∞bu
and ∆Id(τ˜)/∆I0d (in the horizontal axis) with their log− log
derivatives (in the vertical axis). As the panels exemplify, the
curves are similar to each other in a wide range of parameters
(cos i, Σ0 and τ˜bu), and they can be roughly approximated by
straight lines (shown in black). Therefore, the build-up and
dissipation light curves (for inclinations not in the interme-
diate region) should roughly obey the following differential
equations:
∂ ln
∂ ln τ˜
(
1 − ∆Xbu
∆X∞bu
)
≈ −ηbu
∆Xbu
∆X∞bu
, (15)
and
∂ ln
∂ ln (τ˜ − τ˜bu)
∆Xd
∆X0d
≈ −ηd
(
1 − ∆Xd
∆X0d
)
, (16)
whose solutions are, respectively,
∆Xbu = ∆X
∞
bu
[
1 − 1
1 + (ξbuτ˜)ηbu
]
, (17)
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Table 4. Adopted values for the η exponent of Eqs. 17 and 18
B V R I
ηbu (edge-on) 0.8 0.8 0.8 0.8
(pole-on) 0.8 0.8 0.8 0.8
ηd (edge-on) 1.5 1.5 1.5 1.5
(pole-on) 1.1 1.2 1.3 1.4
Figure 4. The I-band values of ξbu for our grid vs. cos i. Left:
Edge-on models. Right: Pole-on models. From top to bottom, the
results for Star 1, 2, and 3, respectively. The markers are the same
as in Fig. 2.
and
∆Xd = ∆X
0
d
[
1
1 + (ξd (τ˜ − τ˜bu))ηd
]
. (18)
The continuity condition requires
∆X0d = ∆X
∞
bu
[
1 − 1
1 + (ξbuτ˜bu)ηbu
]
. (19)
The parameters ξbu and ξd are constants of integration whose
values must be determined by fitting the above formulae to
the computed light curves. The values of the exponents ηbu
and ηd were empirically determined to best match the model
light curves (Table 4). It was found that good fits for the
whole set of parameters (cos i, Σ0 and τ˜bu) could be obtained
for certain fixed values of ηbu and ηd for each photometric
band.
Representative I-band values of ξbu and ξd for our grid
are shown in Figs. 4, 5 and 6 (the values of ξbu and ξd for
the BVR bands show qualitatively similar patterns to the
ones presented in these figures). Each row shows the results
for a different star. The left (right) panels are for edge-on
(pole-on) models. The values of ξ are directly related to the
rate of photometric variations: the smaller the ξ, the slower
the variation (see Eqs. 17 and 18).
Figure 5. Selected I-band values of ξd for our grid vs. cos i.
The scaled build-up time was fixed to τ˜bu = 2.25. Left: Edge-on
models. Right: Pole-on models. From top to bottom, the results
for Star 1, 2, and 3, respectively. The markers are the same as in
Fig. 2.
Figure 6. Selected I-band values of ξd for our grid vs. τ˜bu.
Left: Edge-on models with i = 90 deg. Right: Pole-on models with
i = 0 deg. From top to bottom, the results for Star 1, 2, and 3,
respectively. The markers are the same as in Fig. 2.
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Figure 4 exemplifies the strong variation of ξbu with i,
for the pole-on case. This is probably due to the fact that, in
the build-up process, the density grows from the inside out
(see Appendix A), which means that the optically thick part
of the disc (an expanding pseudo-photosphere) forms first,
and the optically thin part takes longer to be built. Since the
optical excess of the disc is given by ∆X ∝ Fthick cos i + Fthin,
it follows that, as we move from pole-on to edge-on angles,
only the optically thick contribution (proportional to cos i)
varies. As a consequence, the observed rate of increase in flux
moves from being more to less optically thick dominated.
In the dissipation process, the density rapidly adjusts
to a self-similar dissipation pattern in the inner disc (Ap-
pendix A). Therefore, the flux from the disc is the result
of the decrease and disappearance of the optically thick re-
gion - transformed into an optically thin region - and the
diminishing of the whole optically thin region. The pole-on
values of ξd (right panels of Fig. 5) are affected by cos i to
a less extent, when compared to the values of ξbu. In the
dissipation process, by the same reasoning applied to the
build-up process, since the optically thick emission is atten-
uated by the effect of cos i, its disappearance has a reduced
effect for more inclined discs and, therefore, the disc should
apparently disappear at a slower rate.
The values of ξd also show great variation with the
asymptotic surface density (Figs. 5 and 6). More specifically,
increasing Σ0 results in a light curve with a slower decay rate.
This is probably due to different levels of saturation in the
optically thick region. The denser the optically thick region,
the bigger its optical depth and the greater the amount of
time for it to turn into an optically thin region.
In addition, Fig. 6 shows that ξd strongly depends on the
scaled build-up time. As expected from the mass reservoir
effect (Sect. 2.2), increasing τ˜bu results in smaller values of
ξd, which implies slower decay rates.
From the above an important conclusion can be drawn:
viscosity is not the only parameter affecting the rate of pho-
tometric variations in a Be light curve. The stellar parame-
ters, the asymptotic surface density, as well as the inclination
angle, all affect the observed shape of the light curve. Thus,
extracting α from light curves, one of the main goals of this
paper, cannot be done without some knowledge about these
parameters.
3.4 Fitting pipeline
So far, our model light curves were given in terms of the
adimensional time parameter, τ˜. Thus, an equation is nec-
essary to transform from the physical time t to τ˜, in order
to connect the real light curves to our simulated ones.
A variation in the time parameter, dτ˜, is related to a
variation in physical time by dτ˜ = dt/τ(t), where τ(t) de-
pends on 3 stellar parameters (M, Req, Teff) and the viscous
parameter α(t) (Eq. 6). For a given Be star, the build-up
phase starts at t1, and ends at t2, when dissipation begins.
Thus, the build-up time is given by t2 − t1. In this work,
following the results of Ghoreyshi & Carciofi (2017), we ex-
plore the possibility that the viscosity parameter may be
different at build-up (α(t) = αbu, for t1 ≤ t < t2) and dissi-
pation (α(t) = αd, for t ≥ t2). Therefore, the transformation
equation from t to τ˜ is
τ˜ =
{
αbu
t−t1
ατ , t1 ≤ t < t2
αbu
t2−t1
ατ + αd
t−t2
ατ , t ≥ t2
, (20)
which is such that, as t goes from t1 to t2, τ˜ goes from 0 to
τ˜bu = αbu(t2 − t1)/ατ, and for t larger than t2, we see that τ˜ >
τ˜bu. Recall that ατ, defined in Eq. 6, is a quantity dependent
only on the stellar parameters and the disc temperature.
Substitution of Eq. (20) into Eqs. (17), (18) and (19),
gives the following equation for fitting an observed bump
∆X(t) =

∆X∞bu
(
1 − 11+[Cbu(t−t1)]ηbu
)
, t1 ≤ t < t2
∆X∞bu
(
1 − 11+[Cbu(t2−t1)]ηbu
)
×(
1
1+[Cd(t−t2)]ηd
)
, t ≥ t2
(21)
where
Cbu = αbu
ξbu
ατ
, (22)
and
Cd = αd
ξd
ατ
(23)
are coefficients related to the rate of photometric variations.
The values of the parameters ∆X∞bu, ξbu and ξd were tabulated
in Sect. 3.3, by fitting the respective empirical laws to the
model grid.
Our goal is to fit an observed light curve with Eq. 21, in
order to obtain, in a self-consistent way, all the stellar and
disc parameters of interest. For that, the following chain of
procedures is adopted:
(i) Find a light curve of a Be star that contains at
least one clear inactive phase and one complete photometric
bump.
(ii) Obtain the magnitudes X∗ at the inactive phase. Sub-
tract these magnitudes from the light curve and obtain the
excesses ∆X(t).
Without a clear inactive phase, it is not possible to ob-
tain the pure photospheric level (e.g., the horizontal purple
straight lines in Fig. 1) and, consequently, it is not possible
to know how much of the observed bumps represent the disc
contribution to the total flux. In addition, the photometric
bump must contain a completely identified build-up phase,
from which the instants t1 and t2 can be extracted, and a
considerable extension of the dissipation phase.
(iii) Fit Eq. (21) to the selected bumps, obtaining the
coefficients ∆X∞bu, Cbu and Cd, as well as the times t1 and t2
for the onsets of build-up and dissipation.
(iv) Transform the magnitudes at the inactive phase, X∗,
to absolute magnitudes, MX∗, by correcting for the distance
to the star and reddening at each observed band.
Given the theoretical dependence of the coefficients in
Eq. 21 on the stellar parameters, the absolute magnitudes
are required to estimate the stellar parameters (M, W and
t/tMS). From them, the parameter ατ (see Eq. 6) can be es-
timated. Clearly, if the stellar parameters are known from
some other way (e.g., by spectroscopic analysis), this re-
quirement is no longer necessary. Unfortunately, this is not
the case for our sample.
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(v) Estimate the stellar parameters, the geometric param-
eter (cos i) and the bump parameters (Σ0, αbu and αd, for
each bump) that best reproduce the fitted stellar (MX∗) and
bump (∆X∞bu, Cbu and Cd) parameters (see Eqs. 22 and 23
and the parameters ∆X∞bu, ξbu and ξd from Sect. 3.3).
In practice, the above process involves several complications
(e.g., estimating the goodness of the fit) that are described
in the next section.
3.5 Fitting using a MCMC sampling
The task of fitting the measured stellar absolute magni-
tude (MX∗) and bump parameters (∆X∞bu, Cbu and Cd) for
estimating the model parameters – step 5, above – was
done using the Markov-Chain Monte Carlo (MCMC) sam-
pling technique. We used the Python MCMC sampler em-
cee (Foreman-Mackey et al. 2013). The code samples a large
collection of models by varying all model parameters within
a pre-specified range. The sampler provides a distribution
of model parameters according to a posterior distribution
p (model | data) ∝ L (data | model) pi (model), where L and pi are
the likelihood and the prior distributions, respectively.
In our fitting procedure, there are 4 + 5Nbumps model
parameters for each light curve containing Nbumps identified
bumps. There are 3 stellar parameters (M, t/tMS, W) and
one geometric parameter (cos i), and, for each bump in the
light curve, there are 5 parameters: the initial times of the
build-up and dissipation phases (t1 and t2), the asymptotic
surface density (Σ0), and the viscosity parameters during the
build-up and dissipation phases (αbu and αd).
We assume that the errors of the observations follow
a Gaussian distribution and, therefore, the likelihood of a
Be star with certain model parameters, given the observed
data, is given by
L (data | model) ∝ e− 12 χ2 , (24)
where
χ2 = χ2discless + χ
2
bump , (25)
and
χ2discless =
∑
bands
(Mmodel
X∗ − MobsX∗ )2
σ2(Mobs
X∗ )
, (26)
and
χ2bump =
∑
bands
∑
bumps
1
Nt
Nt∑
i=1
(∆Xmodel
i
− ∆Xobs
i
)2
σ2(∆Xobs
i
) , (27)
where Nt is the number of data points for a given bump at
a given photometric band.
The prior distribution pi represents our prior knowledge
of the distribution of Be stars. We assume it to be
pi (model) ∝ M−2.3 fBe(M)e
− (W−〈W 〉)2
2σ2
W , (28)
where the factor M−2.3 is the initial mass function (IMF)
of Kroupa (2001), and fBe(M) represents the fraction of Be
stars relative to the number of B stars, estimated by Mar-
tayan et al. (2007a, their Fig. 6). Finally, the Gaussian fac-
tor comes from the distribution of rotational velocities in
the sample of Be stars, here estimated from Rivinius et al.
(2006), assuming 〈W〉 = 0.81 and σW = 0.12.
For the parameter sampling, we have chosen hundreds of
“walkers”1, proportional to the number of 4+ 5Nbumps model
parameters. For a randomly chosen set of parameters sam-
pled by emcee in the course of the simulation, the corre-
sponding stellar and bump observables are calculated by a
multidimensional linear interpolation of the model grid. Dur-
ing the raffle of parameters the prior probability was set to
zero if one of the values were sampled outside of the allowed
range of a given parameter (Tables 1 and 3). The simulation
consists of two steps, the so-called “burn-in phase” and the
sampling phase. We verified that 1000 iterations in the burn-
in phase were sufficient for the convergence of all our models.
For each parameter, the best-fitting values were chosen to
be the median of distribution of the posterior probabilities,
with upper (lower) uncertainties estimated from the differ-
ences between 84%(16%) of the sample and the median
In order to test our fitting routine, we applied it to
synthetic light curves with levels of astrophysical noise and
uncertainties similar to the observed light curves used in this
work. In general, the parameters used to generate the syn-
thetic light curves were fairly recovered, with the exception
of cos i and αbu, for which a strong correlation is expected on
theoretical grounds (Fig. 4). As expected, when multi-band
data was used the errors in the derived parameters were
smaller. This test indicates that Σ0 and αd can be reliably
estimated from the lightcurves, while cos i and αbu less so.
In Sect. 4 we present a selection of light curves of Be
stars from the SMC, and measure their stellar and bump
quantities (steps 1 to 4 of the pipeline). Later, in Sect. 5, we
apply step 5 of the pipeline, as described in this section, in
order to estimate the relevant parameters of the selected Be
stars.
4 OGLE LIGHT CURVES OF BE STAR
CANDIDATES
Mennickent et al. (2002) selected roughly one thousand Be
star candidates from the SMC, by studying light curve vari-
ations using the OGLE-II database (Udalski et al. 1997).
They classified the morphologies found in the light curves
into four categories. The majority of the light curves (∼ 65%)
belonged to their type-4 category, composed by the light
curves showing irregular and non-periodic variations. These
light curves should correspond to Be stars showing episodes
of mass injection more complicated than the simple build-up
followed by dissipation scenario described in Sect. 3.
Most interesting for us is the type-1 group (∼13% of the
sample), composed by light curves that show single sharp
or hump-like bumps, like the bumps of the light curve of
SMC SC1 75701 (Fig. 1). These bumps should be the result
of single nearly continuous episodes of mass injection fol-
lowed by dissipation of the disc, like the theoretical scenario
explored in Sect. 3.
The type-2 group (∼14% of the sample), containing light
curves showing high and low plateaus, also has some inter-
esting cases for our purposes. High plateaus are usually the
photometric result of a longer build-up process in which a
1 Each walker can be viewed as a separated Markov Chain in the
sample, although the walkers influence each another (Foreman-
Mackey et al. 2013).
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Figure 7. Color-magnitude diagram of simulated discless stars
(Table 3). Circles, triangles, squares and diamonds correspond to
stellar models with M = 6.0, 8.3, 11.7, 20.0 M, respectively. The
colours red, orange, yellow, green and blue correspond, respec-
tively, to the 5 values of W in increasing order. The 6 different
stellar ages are seen as the groups of points move in the upper-
right direction. For each star, the effect of going from 90 deg to
0 deg is to move in the upper-left direction. Also shown, as error
bars, is the position of our selected stars (see eighth and ninth
columns of Table 5). The blue and red error bars mark the posi-
tions of SMC SC1 75701 and SMC SC6 128831, respectively.
near steady-state has been reached in the inner disc. The
low plateaus are frequently the portions of the light curve
during inactive phases.
Sabogal et al. (2005) selected roughly two thousand
Be star candidates from the LMC and classified their light
curves into the same four categories described by Mennick-
ent et al. (2002). Previously, Keller et al. (2002) also studied
light curves from the LMC using the MACHO survey. They
spectroscopically analysed a subsample of their Be star can-
didates and found that 90% of them were Be stars. They also
classified morphologically their light curves in a slightly dif-
ferent manner. Their so called “bumper events” and “flicker
events” more or less correspond to the bumps of type-1 light
curves, but also to features of the more irregular type-4
light curves. The bumpers have duration of a few hundred
days, while the flicker events are faster, with durations of
a few dozens of days. Dips like the one exemplified by the
light curve of SMC SC6 128831 (Fig. 1) were called “fad-
ing events”. The frequency of these events was quite smaller
than the bumpers, in accordance to the picture that fading
events are associated with the less numerous shell stars.
Paul et al. (2012) studied the spectral properties of stars
from the catalogues of Mennickent et al. (2002) and Sabogal
et al. (2005). For the candidates from the SMC, they found
that the majority of type-1 and type-2 light curves belong
to early B type stars with emission features characteristic
of circumstellar material (Paul et al. 2012). Therefore, these
light curves are very likely to be from Be stars.
In this work, we selected light curves from the cata-
logue of Be star candidates from the SMC of Mennickent
et al. (2002). In order to have light curves of a longer time
baseline, we combined OGLE-II data with OGLE-III (Udal-
ski et al. 2008). Due to a calibration issue between OGLE-II
and OGLE-III, namely a shift in the zero points present in
some of the light curves, it was necessary to find inactiv-
ity intervals in both the OGLE-II and OGLE-III portions of
these light curves to measure and correct the problem.
The light curves were visually inspected according to
the criteria of item 1, Sect. 3.4, i.e., light curves with at least
one clear inactive phase and one bump. In this initial work
we focussed on well-behaved light curves with clear bumps.
We also avoided the short events (flickers, with build-up
times . 15 days), due to the fact that most of them are
poorly sampled. The end result was a sample of 54 stars,
containing 81 selected bumps, shown in Table 5. In the ta-
ble, horizontal lines separate the data for each of the 54
stars. Each row in the table contain the data for each of
the 81 selected bumps. The fifth and sixth columns in the
table contain the beginning and ending of the selected in-
active interval for the light curve. The seventh, eighth and
ninth columns contain the B∗V∗I∗ magnitudes obtained at
the inactive phase for the light curve. Due to the nature of
the OGLE survey, the B∗V∗ are not available for all sources.
The eleventh column contains the bands that were consid-
ered in the fitting process of the specific bumps, depending
on the availability of measurements in each band. The last
two columns are initial visual estimates of t1 and t2, which
were used as input for emcee.
As explained in Sect. 3.4, the magnitudes at the inac-
tive phase are necessary to set the baseline level of the light
curves and to provide an estimate of stellar parameters. In
order to do the latter, these apparent magnitudes must be
colour-corrected and converted to absolute magnitudes by
the standard formula MX∗ = X∗−(5 log d−5)−AX . We adopted
as the distance to the SMC d = 60.3 ± 3.8 kpc from Hilditch
et al. (2005). The mean E(V − I) of the RR Lyrae stars over
the whole SMC is E(V − I) = 0.07 ± 0.06 mag (Haschke et al.
2011). The reddening in the B, V and I bands were obtained
by the relations AX/AV given by Gordon et al. (2003).
The colour-magnitude diagram (CMD) of Fig. 7 com-
pares the grid of discless models (Table 3) to our sample of
Be stars. The majority of our sample is comprised of early-
type Be stars, as further discussed in Sect. 5.2.1.
Our sample is also distributed in a broader range of
MV − MI than our grid of main sequence discless models,
which is in accordance with the distribution Be star can-
didates of Mennickent et al. (2002) (see their Fig. 7). It
must be reminded also that our sample consists of type-1
and type-2 light curves from the SMC, meaning that they
very likely belong to Be stars (Paul et al. 2012). There are
two non-exclusive possibilities to explain these Be stars on
the right of the main sequence discless models: 1) The us-
age of an average E(V − I) for the entire SMS obviously does
not take into consideration local variations of the reddening;
therefore, the stars with large MV −MI in our sample may be
the ones for which the reddening is larger than the average
value. 2) these stars are post-main sequence Be stars.
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5 RESULTS
In this section, the results obtained by applying the pipeline
to the stars and bumps of our sample are described. Initially,
the results for the two objects of Fig. 1 are examined in detail
(Sect. 5.1), followed by an analysis of the results obtained
for the entire sample (Sect. 5.2).
5.1 SMC SC1 75701 and SMC SC6 128831
The results for SMC SC1 75701 and SMC SC6 128831 are
shown in Figs. 8 and 9, respectively. For SMC SC1 75701
there was enough data for both the I and V bands to al-
low these two light curves to be fitted simultaneously. For
SMC SC6 128831, however, only I-band data was available.
The times for the beginning of the build-up (t1) and dissi-
pation (t2) are fitted quantities in the pipeline, but an ini-
tial estimate for them is provided to emcee by graphically
analysing each light curve. These estimates are shown as
the purple and orange segments in the horizontal straight
lines in the figure. In the MCMC sampling, after a sufficient
number of iterations, a stationary sample is obtained, for
which the model parameters are more concentrated in the
regions of higher posterior probability. In the plots we show
100 sets of randomly selected model curves obtained after
the stationary sample was reached. The dispersion of the
curves gives a visual measure of the goodness of the fits.
The goodness of the fit can be quantitatively assessed
from the distribution of the posterior probabilities of each
fitted parameter shown in Figs. 8 and 9. The main diagonal
of the triangular diagram plots the distributions of the stellar
(M, t/tMS and W), geometrical (cos i), and bump (Σ0, αbu
and αd) parameters, and they can be used to assess how
well-constrained each parameter is. The images below the
diagonal show how the parameters correlate with each other.
The stellar parameters (M, t/tMS and W) are mainly
constrained by the magnitudes at the inactive phase. In
Fig. 8, the three leftmost histograms along the diagonal
have broad distributions, which means that these parame-
ters are not well constrained. The first histogram shows that
SMC SC1 75701 is an early Be star, perhaps even more mas-
sive than the available stellar models (Table 3). The mass
is anti-correlated with the main sequence age (see t/tMS ×M
plane), as expected from the fact that a less massive but
more evolved star can have a similar absolute magnitude of
a younger, more massive star.
The bump parameters (Σ0, αbu and αd) are mainly
constrained by the shape of the observed bump. Roughly,
the amplitude of the bump depends mostly on Σ0 (and
cos i, see Fig. 2), while the value of viscosity parameter
in each phase controls the rate of brightness variation. For
SMC SC1 75701, Σ0 has a broad distribution peaking around
∼1.5 g cm−2, indicating a quite dense disc, close to the dens-
est cases in the sample of Vieira et al. (2017) for the same
spectral type. This fact can also be inferred from Fig. 2,
given the large observed ∆I∞bu. The best-fit viscosity param-
eters are αbu = 0.25+0.21−0.09 and αd = 0.11
+0.06
−0.04.
Of the three bump parameters derived for SMC SC1
75701, Σ0 and αd clearly anti-correlate with cos i, while αbu
shows a weaker correlation. In fact, an anti-correlation of
these three parameters with cos i is expected, as a conse-
quence of the dependency of ∆X∞bu, ξbu and ξd, defined in
Sect. 3.3, on cos i. Fig. 2 shows that, if the star is seen more
pole-on (higher values of cos i), smaller values of Σ0 are re-
quired in order to obtain the fitted ∆X∞bu, hence the strong
anti-correlation seen in the Σ0 × cos i plane. Eq. (22) shows
that the fitted coefficient Cbu is proportional to the product
of αbu and ξbu, and it was shown (Fig. 4) that discs seen more
pole-on (higher values of cos i) appear to build-up faster
(having higher values of ξbu). Therefore, for higher values
of cos i, smaller values of αbu are required to obtain the fit-
ted Cbu, which explains the anti-correlation in the αbu × cos i
plane. Finally, Eq. (23) shows that the Cd is proportional
to the product of αd and ξd, and it was shown in Fig. 5
that the more pole-on and the less dense the disc, the faster
the rate of brightness variation in the dissipation, thus the
anti-correlation expected in the αd × cos i plane.
The results for SMC SC6 128831 (Fig. 9) point to a
less massive star (M = 12.9+3.6−2.9 M) surrounded by a much
more massive disc (Σ0 = 2.7+0.5−0.8 g cm
−2). SMC SC6 128831 is
an example of a dip, which means that this Be star is seen
at a near edge-on angles. The very steep build-up phase of
SMC SC6 128831 hints to large mass injection rate and vis-
cosity during build-up, as confirmed by the fifth and sixth
histograms along the diagonal of Fig. 9. The viscosity pa-
rameter during dissipation was found to be αd = 0.62+0.33−0.23.
The plane αd ×Σ0 shows a correlation, just as for the case of
SMC SC1 75701, which is a consequence of the decrescent
relationship between ξd with Σ0, also expected for near-edge-
on inclinations (see Fig. 5).
For SMC SC6 128831 a positive correlation between Σ0,
αbu and αd with cos i was observed. Fig. 2 shows that, if the
star moves away from the edge-on case (cos i = 0), bigger
values of Σ0 are required in order to obtain the fitted ∆X∞bu,
hence the correlation seen in the Σ0×cos i plane. Fig. 4 shows
that, for the edge-on case there is no strong variation of ξbu
with cos i. However, there is the trend that a more tenu-
ous discs appear to build-up faster, specially for a hotter
star. Therefore, since Eq. 22 shows that Cbu ∝ αbuξbu, it fol-
lows that, with the increase of Σ0 with cos i, the function ξbu
decreases and, hence, αbu increases. Finally, Eq. 23 shows
that Cd ∝ αdξd and Fig. 6 shows that ξd decreases with cos i
and Σ0. Therefore, as Σ0 increases with cos i, it follows that
ξd decreases and, hence, αd must increase. Similar trends
were found for the other two edge-on stars in our sample
(SMC SC1 92262, Figs. C4 and C5, and SMC SC4 179053
(Fig. C34).
In general, the histograms of Fig. 9 are broader than
the ones in Fig. 8, indicating that parameters are worse
constrained than for SMC SC1 75701. There are two main
reasons for this. First, only I-band data was available for
this star, which has a negative impact on the pipeline’s abil-
ity to constrain the stellar parameters. The MCMC method
ensures that the uncertainties in the stellar parameters are
properly propagated into the other model parameters. Sec-
ond, the fact that the dips have smaller amplitudes than
the bumps of pole-on stars, even for higher values of Σ0, is
a great disadvantage, because the bump amplitude is much
closer to the noise level of the measurements.
The results of the pipeline for all stars in Table 5 are
shown in Figs. C1 to C79, available electronically only. The
best-fit model parameters for all stars and bumps are listed
in Table 6.
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Figure 8. Upper-right: Light curve of SMC SC1 75701. Thin lines: 100 model curves randomly selected from the stationary sample of
the emcee code. The red (green) colour indicates the I (V) band. The purple and orange time intervals marked in the horizontal straight
lines are the allowed intervals for the model parameters t1 and t2, respectively. Middle-right: CMD displaying the model grid of inactive
Be stars and the position of SMC SC1 75701 (see Fig. 7 for details). Below: Results of the emcee run for SMC SC1 75701. Histogram
distributions of the posterior probabilities (top panels) and two-by-two correlations of the stellar (M , t/tMS and W), geometrical (cos i),
and bump (Σ0, αbu and αd) parameters (off-diagonal panels). The parameters t1 and t2 were not shown for convenience. The normalised
density levels shown in the off-diagonal panels are 12%, 39%, 68%, 87% of the peak probability.
5.2 Results for the whole sample
As seen previously, the scarcity of information about the
central star (one, two, or at most 3 photometric bands only)
causes a poor determination of its fundamental stellar pa-
rameters, which, owing to the nature of the MCMC method,
propagates onto the disc parameters. The main result of this
work, therefore, does not lie on the individual determination
of the bump parameters, but on the statistical properties of
the sample as a whole.
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Figure 9. Same as Fig. 8 for SMC SC6 128831.
5.2.1 Mass distribution
Let us initially discuss the properties of our sample, in order
to determine whether it represents a typical population of
Be stars in SMC, or whether one or more selection biases
where introduced.
Our selection of stars and bumps comes from the cata-
logue of visual photometric Be star candidates of Mennickent
et al. (2002), where the candidate stars were selected accord-
ing to the expected location of Be stars in colour-magnitude
diagrams and according to the observed variability in the
light curves. In Fig. 10, we show the sum of the posterior
probabilities of parameter M for all our sample of stars (solid
line). Clearly, most of our stars are early-type Be stars, in
agreement to the position of our sample in the CMD (Fig. 7).
We also show the factor ∝ M−2.3 fBe(M) of Eq. 28 (dashed
line). We recall that this factor was assumed as a prior in
the MCMC fitting, and it represents our current knowledge
about the populations of Be stars in the SMC. The green
curve shows that, although the fraction of Be stars over B
stars ( fBe(M), estimated by Martayan et al. (2007a) from a
cluster of the SMC) generally increases with M, the higher
probability of the formation of less massive stars expressed
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Figure 10. Solid line: Histogram of the sum of the posterior
probabilities of parameter M for all stars in our sample. Dashed
line: IMF of Kroupa (2001) weighed by the fraction of Be stars
over B stars of Martayan et al. (2007a), given by the factor
M−2.3 fBe(M) in Eq. (28).
in the IMF of Kroupa (2001) results in a bigger incidence of
late type over early type Be stars. Our sample, therefore, is
biased towards more massive stars.
This bias likely has several reasons:
(i) The typical apparent I-band magnitudes of a B0 and
B9 star in the SMC are ∼15.5 and ∼19.5, with rms uncertain-
ties given by & 0.005 and & 0.15, respectively (Wyrzykowski
et al. 2009). Therefore, the threshold of detectability of a
good bump increases for late type Be stars.
(ii) Late-type Be stars tend to have more tenuous discs
than early-type ones (Vieira et al. 2017, see also next sub-
sections), and therefore should develop bumps with much
smaller amplitudes.
(iii) Late-type Be stars tend to show less variability (Riv-
inius et al. 2013; Labadie-Bartz et al. 2017, see also next
subsections), which would make it less probable to identify
bumps in their light curves.
5.2.2 Asymptotic surface density
In the upper panel of Fig. 11 we show how Σ0 varies with
stellar mass in our sample, demonstrating a clear tendency
of denser discs around the more massive stars. Vieira et al.
(2017) have shown that, for the Be stars in the Galaxy, the
incidence of denser discs increases with the mass of the stars.
Comparison of our results with the ones of Vieira et al. is
done in Fig. 12. While our sample is biased towards large
masses, their sample is more evenly distributed in mass.
Another difference is that our results are all concentrated
in a region of high disc density, while theirs cover a much
wider range of densities for all spectral types. The reason for
this lies in fact that for this initial study we selected light
curves with large and well-defined bumps, disregarding low-
amplitude and short-duration ones. In fact, the detection of
tenuous discs by Vieira et al. was only possible because they
studied the SED in the IR (typically between 9 and 60 µm),
where the disc emission is much stronger than in the visi-
ble range. Therefore, all but the most dense of their discs
would be too tenuous to generate appreciable photometric
excesses in visual photometric bands, suitable for our fitting
procedure.
We conclude that our sample of visual bumps should
Figure 11. Boxplots of Σ0 (above) and t2 − t1 (below) for the
summed posterior probabilities of our sample of bumps, separated
in eight equal intervals of mass, ranging from 5 to 21 solar masses.
The middle line of the boxes mark the median (50%) of the sam-
ples. The lower and upper ends of the boxes mark 25% and 75%
of the samples. The lower and upper whiskers mark 5% and 95%
of the samples.
Figure 12. Distribution of the parameters M and Σ0 for our
sample. The contour levels are the same as in Fig. 8. The red
dots correspond to the surface densities at the base of the disc
of Galactic Be stars, measured by Vieira et al. (2017). The green
triangle corresponds to the initial state of the ablating disc model
of Kee et al. (2016) for a B2e star.
represent the upper limit for the densities found in the discs
of SMC Be stars. In the Galaxy, these large densities are only
found in early type Be stars. The median of the Σ0 for our
sample is 〈Σ0〉 = 1.50+1.12−0.83 g cm−2. Furthermore, there may be
some indication that the Be stars in the SMC may have more
massive discs, on average, than their galactic counterparts,
in line with results from the literature that report higher Hα
equivalent widths in the SMC Be stars than in the Galaxy
(Martayan et al. 2007b). This last point, however, should be
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Figure 13. Same as Fig. 11 for αbu (above) and αd (below).
viewed with some caution given the large biases present in
our sample.
5.2.3 Disc life cycles
In the lower panel of Fig. 11, we plot the distribution of the
build-up time, t2 − t1, versus the stellar mass. We see that
the duration of the bump is much shorter for massive stars,
which indicates that these stars are much more variable than
their late type siblings. Similar findings were reported in
the Galaxy (e.g. Rivinius et al. 2013; Labadie-Bartz et al.
2017). For a complete characterisation the disc life cycles a
census of the number of bumps present during the timespan
of OGLE-II and OGLE-III observations (roughly 12 years)
would be required . Unfortunately, this cannot be done for
our sample because in this study we focused only on the
well-defined bumps. The median of the build-up time for
our sample is 〈t2 − t1〉 = 304+351−168 days.
5.2.4 Viscosity parameter
The majority of our determinations of the viscosity param-
eter had broad uncertainty distributions, and it was found
that the errors in the determinations of αbu were generally
greater than those of αd. This has to do with the fact that
the inclination angle is a poorly constrained quantity in our
analysis, and the rate of photometric variations during build-
up depends much more on cos i (Fig. 4) than the rate of pho-
tometric variations during dissipation (Fig. 5). Considering
the sample as a whole, we find that there is no variation
of αbu with the stellar mass (Fig. 13, top), but there is a
slight hint that αd may grow with the stellar mass (Fig. 13,
bottom). Furthermore, we find that on average the viscosity
parameter is roughly two times larger at build-up than at
dissipation (〈αbu〉 = 0.64+0.50−0.38 vs. 〈αd〉 = 0.26+0.60−0.18).
The estimated values of α in the range of a few tenths
to one is in agreement with the usual values obtained for
the hot and variable discs of dwarf novae (King et al. 2007;
Kotko & Lasota 2012), as well as with the values obtained
for the Be star 28 CMa by Ghoreyshi & Carciofi (2017).
Figure 14. Distribution of the two viscosity parameters αbu and
αd. The histograms above and on the right are the projections for
αd and αbu, respectively. The contour levels are the same as in
Fig. 8.
They are, however, an order of magnitude or more above
the usual values obtained in magnetohydrodynamic (MHD)
simulations, where the magnetorotational instability (MRI,
Balbus & Hawley 1991) is the main theoretical assumption
for the mechanism that generates the necessary viscosity
(King et al. 2007).
In Fig. 14, we show the distributions of αbu (right) and
αd (above) and the distribution in the αbu × αd plane. We
found that, for most of the bumps, there was a correlation
between αbu and αd, with values of αbu greater than values
of αd being more likely. This trend can be seen in the darker
areas of the αbu × αd plane. Ghoreyshi & Carciofi (2017)
found the same trend for 28 CMa.
It is unclear whether the higher likelihood of αbu > αd
is real a phenomenon or a result of the approximations em-
ployed in this work. One key approximation made in our
model is that the hydrodynamical equations are solved as-
suming that the entire disc is isothermal. Earlier studies
(e.g., Jones et al. 2004; Carciofi & Bjorkman 2006) have
shown the disc to be highly non-isothermal, which means
that cs in Eq. 3 is a complicated function both of R and
time. Another approximation is that the possible effects of
line forces were neglected. Recently, Kee et al. (2016) sim-
ulated the effects of a line-driven wind from early B-type
stars over a non-viscous gaseous disc of solar metallicity and
typical density. They showed that the line-driven wind was
able to destroy the disc in timescales compatible with the
observed large-amplitude photometric variations of Be stars.
They argued that the presence of the line-driven wind might
be the cause of the apparent abnormal value estimated for α
by Carciofi et al. (2012), Ghoreyshi & Carciofi (2017), and
this work. Future work must explore if the viscous force and
the line force working together can produce the variability
of Be stars with smaller values of α.
The line force of an outwardly diffusing near-Keplerian
optically thin disc under irradiation by the hot star will have
a negative component in the azimuthal direction, removing
angular momentum from the gas (Gayley & Owocki 2000;
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Gayley et al. 2001). It is possible that this sink of angular
momentum, during the build-up phase, may induce a clump-
ing of material closer to the stellar equator, where the visual
observables are generated, making the disc photometrically
appear to build-up faster. In the dissipation phase, reaccre-
tion occurs (vR becomes negative) and the line force would
probably now point in the positive azimuthal direction, be-
ing a source of angular momentum to the disc and making
the inner disc clear at a slower rate. If that is true, it would
would contribute to the observed trend of αbu > αd. We ex-
pect, however, that for our low-metallicity SMC Be stars, the
possible effect of the line force will be greatly diminished. It
is also worth reminding that Owocki et al. (1996) showed
that winds from rapidly rotating, oblate stars are weakest
near the equatorial plane. Consequently, a wind alone is in-
capable of building the disc and, even at Solar metallicity,
can only act to help viscosity in disc building, but not re-
place it. Furthermore, so far all studies of the effects of line
forces in gaseous Keplerian discs assumed that the gas is
optically thin, which is not the case for our inner discs near
the disc plane. The green triangle in Fig. 12 marks the mass
and density at the stellar equator of the initial state of the
ablating disc model of Kee et al. (2016) for a B2e star. Our
calculations show that their initial state would generate only
a modest excess ∆I = −0.1 mag, if seen pole-on.
On the other hand, it is possible that an opposite sce-
nario might happen. The line force might operate ablating
the tenuous material above the disc plane. These regions
would receive radiation from the stellar surface and radia-
tion reprocessed by the optically thick disc, behaving as a
sink of mass and angular momentum of the disc (e.g. Kr-
ticˇka et al. 2011). In that case, the line-driven wind would
actually slow down the build-up phase, because it would
take a longer time for the disc to reach a near steady-state,
and would speed up the dissipation phase. If the above were
true, that would result in αbu < αd, contrary to the results
of Ghoreyshi & Carciofi (2017) and in this work.
We end this section by speculating about another possi-
ble cause for the observed trend αbu > αd. The disc formation
is probably a mechanically violent process, with outbursts
of matter injecting mechanical energy into the disc that is
likely to disrupt its hydrostatic equilibrium and induce fur-
ther turbulent motion. The dissipation, on the other hand,
is expected to be a more gentle process, much less perturbed
by stellar activity. The mechanically-driven turbulence dur-
ing outburst might account for the larger values of α at these
phases.
5.2.5 Mass and angular momentum loss
Although the discs of Be stars in our sample are gener-
ally not in steady-state, their steady-state mass and angu-
lar momentum loss rates (Eqs. 12 and 13) are useful es-
timates of the actual quantities that are lost by the star
after the bump event ends (see Appendix A). The panels
of Fig. 15 show our distributions of the steady-state mass
(above) and angular momentum (below) loss rates. For the
calculation of (−∂M/∂t)steady, we considered the radius of the
outer boundary to be given by the radius at which the disc
outflow becomes angular momentum conserving (which can
be seen as an outer radius of the viscous disc), estimated
as R˜out = 0.3(vorb/cs)2 by Krticˇka et al. (2011). The red dots
Figure 15. Distributions of the steady-state mass (above) and
angular momentum (below) loss rates for our sample. The con-
tour levels are the same as in Fig. 8. The red dots (upper panel)
are the values of (−∂M/∂t)steady, calculated from the results of
Vieira et al. (2017) for galactic Be stars. The blue curves are the
estimations made by Granada et al. (2013) of the steady-state
mass and angular momentum loss of their Z = 0.002 stars during
their episodes of disc formation.
(upper panel) are the estimates of (−∂M/∂t)steady made from
the results of Vieira et al. (2017) for Galactic Be stars, as-
suming that α = 1.
The steady-state mass and angular momentum loss
rates for our densest bumps are of the order of
∼10−10 M yr−1 and ∼5×1036 g cm2 s−2, respectively. The typ-
ical decretion rate, which estimates the flux of mass in the
disc near the stellar equator, is an order of magnitude higher
than (−∂M/∂t)steady, being of the order of ∼10−9 M yr−1 ,
which also corresponds to the upper limit of the observed
wind mass loss rate of B stars (Snow 1981; Puls et al. 2008).
Values of the typical decretion rate and steady-state angular
momentum loss rate are given in the eleventh and twelfth
columns of Table 6, respectively. The total angular momen-
tum lost by the star as a consequence of the bump, −∆J∗,
is given by (−∂J/∂t)steady times the build-up time (Eq. A4),
and the total mass lost is simply −∆M∗ = −∆J∗/(GMRout)1/2,
if we still approximate the VDD as a Keplerian disc at Rout.
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If we consider that a typical bump has a build-up time of
roughly one year, then the mass and angular momentum lost
by the star as a consequence of one dense complete bump
are of the order of ∼ 10−10 M and ∼ 1044 g cm2 s−1 (or ∼ 0.01
Moon masses and ∼ 10−3 times Earth’s orbital angular mo-
mentum around the Sun, respectively). The VDD is, thus,
a physical mechanism capable of extracting a large quan-
tity of angular momentum from the outer layers of the star,
without requiring the loss of too much mass. It is, therefore,
a breaking mechanism of the outer layers. The angular mo-
mentum lost by the star for each individual bump is given
in the thirteenth column of Table 6.
It was proposed (e.g., Krticˇka et al. 2011) that, with the
evolution of the star, the formation of the VDD might be a
natural mechanism to extract angular momentum from the
outer layers of the star, preventing it to exceed the break
up velocity. Granada et al. (2013) assumed the appearance
of a steady-state VDD in the Geneva stellar evolution code
every time the outer layers of the star reached W > 0.88 (or
ω > 0.99, in their notation, where ω = Ω/(8GM/27R3pole)1/2).
The blue curves in Fig. 15 are the estimates made by
Granada et al. (2013) of the steady-state mass and angular
momentum loss of their Z = 0.002 stars during their episodes
of disc formation. The fact that the curves of Granada et al.
(2013) lie up to one order of magnitude above our results
and the ones of Vieira et al. suggests that their assumed
discs were made much too dense to be able to remove the
needed angular momentum.
Although the Be phenomenon is probably a powerful
velocity breaking mechanism for the outer layers of the star,
its effect on the star as a whole is expected to be modest.
Our determinations of angular momentum loss show that,
even if the Be phenomenon happened during ∼30% of the
stellar main sequence lifetime, and the integrated time of all
the build-up phases was ∼30% of that time, that would lead
to the removal of ∼1% of the initial angular momentum of
the star, which, for fast rotating stars of masses from 7M
to 15M is 8 − 30 × 1051 g cm2 s−1 (Granada et al. 2013).
In conclusion, light-curve modelling offers a reliable way
to measure directly the amount of angular momentum lost
by disc formation events in Be stars. Coupling this infor-
mation with future studies about the fraction of the main-
sequence lifetime a Be star spends in outburst will allow us
to estimate the total amount of angular momentum that is
lost by the disc during the main sequence. To obtain the
total angular momentum lost we must sum the amount lost
by the stellar wind. This quantity, hitherto unknown, will
provide an essential constraint on stellar evolution models,
in effect allowing for calibration of the core-surface angular
momentum coupling of a star.
6 CONCLUSIONS
We present a new method to model the light curves of Be
stars with the goal of extracting quantitative information
about the fundamental parameters of their discs, such as the
viscosity parameter, α, and the asymptotic surface density
(Σ0, which is related to the disc mass injection rate). The
method uses a large pre-computed grid of synthetic Be light
curves, calculated using detailed hydrodynamic calculations
coupled with three-dimensional NLTE radiative transfer cal-
culations. The comparison between the model grid and the
observed light curves was made possible by the identifica-
tion of two empirical laws, that consists of simple formulas
that closely match the photometric behaviour during disc
build-up and dissipation.
An initial analysis of our model grid allowed us to draw
important conclusions about the properties of viscous decre-
tion discs (VDD) around Be stars, and their effect on the
stellar SED as they evolve in time:
• The viscosity parameter α is the most important param-
eter controlling the observed rate of photometric variations
in Be light curves, but it is not the only one. Stellar parame-
ters (mass, radius and effective temperature), as well as the
disc viewing angle and density level, all concur to change
the rate of brightness variations in complicated ways, which
means that if meaningful information about α is to be ex-
tracted from the data, these parameters must be somehow
estimated;
• We identified a previously unknown effect, dubbed
mass-reservoir effect, which also controls the rate of pho-
tometric variations during phases of disc dissipation. This
effect is a consequence of the fact that VDDs build a mass
reservoir at their outer regions, which is undetectable at
short wavelengths (e.g., visible). The longer the build-up
phase of a disc, the bigger its mass reservoir. When mass in-
jection from the star stops and reaccretion occurs, the reser-
voir feeds the inner disc with mass. Clearly, the larger the
reservoir, the longer it will be able to supply mass to the
inner disc, and the slower the photometric dissipation will
appear.
We applied our fitting pipeline to a sample of light
curves of 54 Be star candidates from the SMC (Mennick-
ent et al. 2002) containing 81 clearly identified events of disc
formation/dissipation (here referred to as bumps). The light
curves come from OGLE-II and OGLE-III data, covering
roughly 12 years. A Markov Chain Monte Carlo technique
was used to properly estimate the posterior probabilities of
each fitted parameter.
It was found that our sample is biased towards early
type Be stars, likely because these stars are more variable
and their discs are denser, resulting in clearer bumps. Also,
photometric uncertainties increase for late type Be stars.
Since our sample was selected based on the appearance of
their bumps, we conclude that our Be discs must be among
the densest found for Be stars in the SMC. We verified an
increase of Σ0 with the stellar mass and the median for our
whole sample is 〈Σ0〉 = 1.50+1.12−0.83 g cm−2. Our results may sug-
gest that Be discs in the SMC are denser than their siblings
in the Galaxy, in line with Hα surveys that found stronger
line emission in the SMC than in our Galaxy.
The durations of the build-up phases become shorter for
more massive stars, which indicates that, as it was already
observed in the Galaxy, late-type Be stars are less variable
than early-type ones. The median of the build-up time for
our sample is 〈t2 − t1〉 = 304+351−168 days.
We obtained, for the first time, estimates of α for a
statistically significant sample of Be stars. In our work, we
explored the possibility that the viscosity parameter might
be different at build-up (αbu) and dissipation (αd). We found
no significant variation of αbu with the stellar mass (Fig. 13,
top), but some evidence points to a correlation between αd
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with M (Fig. 13, bottom). Furthermore, we find that on av-
erage the viscosity parameter is sensibly larger at build-up
than at dissipation. Our medians of the two viscosity param-
eters are 〈αbu〉 = 0.63+0.50−0.38 and 〈αd〉 = 0.26+0.59−0.18. These values
are in agreement in magnitude with the determinations of
Carciofi et al. (2012) and Ghoreyshi & Carciofi (2017) for the
Galactic Be star 28 CMa. They are also similar to the values
of α usually found in cataclysmic variables (King et al. 2007;
Kotko & Lasota 2012).
The trend that αbu > αd was also seen by Ghoreyshi &
Carciofi (2017) in the different cycles of activity of the Be
star 28 CMa. Further work is necessary to establish whether
this trend is real or simply a result of our model assumptions.
In particular, two important physical effects were ignored in
this work, namely the fact that Be discs are non-isothermal
and the line forces known to act on the disc material. This
last point, however, may be of little importance for Be stars
in the SMC, given their low metallicity.
It must be further emphasised that in this work what
is really measured are the timescales for disc build-up and
dissipation. Under the assumption that viscosity is the only
driving mechanism operating on the disc, these timescales
can in turn be converted to estimates of the viscosity param-
eter. The presence of other driving mechanisms (such as the
aforementioned ablation) might affect the determination of
α in unpredictable ways.
The steady-state mass and angular momentum loss
rates for the studied bumps are of the order of
∼10−10 M yr−1 and ∼5×1036 g cm2 s−2, respectively. The typ-
ical decretion rate is of the order of ∼ 10−9 M yr−1. These
values are in agreement with the upper limit of the observed
wind mass loss rate of B stars (Snow 1981; Puls et al. 2008).
In addition, these values roughly agree in magnitude with
the work of Vieira et al. (2017), who studied a sample of 80
Galactic Be stars.
Future perspectives for this work are threefold. First,
an effort must be made to remove the biases of our cur-
rent sample, by including late-type Be stars and smaller-
amplitude bumps. Second, the availability of a great num-
ber of past and current automated surveys (e.g., MACHO
– Alcock et al. 1997, EROS – Aubourg et al. 1993, ASAS –
Pojmanski 1997, VISTA-VVV – Minniti et al. 2010, KELT
– Pepper et al. 2007) will allow us not only to greatly in-
crease the number of Be stars studied, but also to explore
the Be phenomenon and associated disc properties for other
metallicities (Galaxy, LMC, etc.). Finally, also important is
to obtain a better estimate of the central star properties,
e.g., via spectroscopic modelling or using stars belonging to
clusters with known age. Our current analysis was bound by
the limited amount of information available on the central
stars.
The α determinations made in this work should help
in investigating the physical mechanisms originating the
anomalous viscosity in circumstellar discs environments. In
addition, the estimates of the net mass and angular momen-
tum loss rates are important for understanding the condi-
tions in which the Be phenomenon appears, and its conse-
quences for the evolution of B-type stars.
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Table 5. List of Be stars and their respective bumps selected for this study
OGLE-II OGLE-III diskless interval B∗ V∗ I∗ Bump Bands Bump interval
Field ID Field ID (JD-2450000) ID (JD-2450000)
SMC SC1 7612 SMC133.4 8877 600 1300 15.926±0.01 16.164±0.009 16.443±0.009 01 I 1420 2000
02 I 3250 3800
SMC SC1 60553 SMC128.6 57 3000 3500 — 15.418±0.003 15.601±0.007 01 V I 3500 5000
SMC SC1 75701 SMC125.7 20383 3000 3500 — 15.397±0.003 15.51±0.006 01 V I 3650 5000
SMC SC1 92262 SMC128.6 147 3500 3800 — 15.623±0.003 15.811±0.007 01 I 2600 3100
02 V I 3900 5000
SMC SC2 94939 SMC125.3 52 1000 1100 15.832±0.008 15.991±0.013 16.126±0.007 01 I 1100 2000
SMC SC3 5719 SMC125.1 20231 2980 3020 — — 16.233±0.01 01 I 1200 4500
SMC SC3 15970 SMC125.2 28056 700 750 15.282±0.01 15.412±0.006 15.541±0.006 01 B V I 750 2000
02 I 2200 3500
03 V I 4000 5000
SMC SC3 71445 SMC125.2 34818 700 800 16.227±0.01 16.425±0.009 16.608±0.012 01 I 1450 2400
02 I 4400 4700
SMC SC3 125899 SMC125.2 6200 3500 3750 — 15.837±0.004 15.956±0.008 01 I 2320 3400
SMC SC3 197941 SMC125.3 25034 4000 4060 — 15.671±0.003 15.724±0.006 01 V I 2350 4000
SMC SC4 22859 SMC125.4 22723 700 1200 17.068±0.013 17.133±0.012 17.129±0.015 01 V I 1200 3500
SMC SC4 71499 SMC100.7 34896 1000 1450 15.414±0.011 15.553±0.007 15.597±0.006 01 V I 1430 2400
02 V I 2900 4400
SMC SC4 120783 SMC100.6 7129 4250 4500 — 14.401±0.003 14.442±0.005 01 V I 2750 4500
SMC SC4 127840 SMC100.6 38372 3500 4500 — 14.853±0.003 15.026±0.006 01 I 2800 3500
SMC SC4 156248 SMC100.8 14683 1000 1200 15.91±0.01 15.964±0.007 15.852±0.006 01 I 1320 2300
SMC SC4 156251 SMC100.8 14642 600 680 14.881±0.005 15.13±0.007 15.338±0.005 01 B V I 650 1200
02 V I 3170 3600
03 V I 3770 4600
SMC SC4 159829 SMC100.8 37214 4450 4500 — 15.895±0.005 15.959±0.009 01 I 2600 3000
02 V I 3430 4500
SMC SC4 159857 SMC100.8 45127 3000 3500 — 15.626±0.004 15.8±0.008 01 I 780 1400
02 V I 3600 4300
SMC SC4 163828 SMC100.7 8813 600 700 17.171±0.009 17.164±0.009 16.953±0.013 01 B V I 700 2400
SMC SC4 167554 SMC100.7 51098 3000 4500 — 17.258±0.009 17.2±0.016 01 I 1620 1900
02 V I 4700 5000
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Table 5 – continued List of Be stars and their respective bumps selected for this study
OGLE-II OGLE-III diskless interval B∗ V∗ I∗ Bump Bands Bump interval
Field ID Field ID (JD-2450000) ID (JD-2450000)
SMC SC4 171253 SMC100.7 42620 700 1200 15.674±0.01 15.714±0.009 15.691±0.006 01 I 1410 1900
02 V I 3245 4000
SMC SC4 175272 SMC100.6 7362 3950 4000 — 16.579±0.005 16.431±0.009 01 I 2600 3800
SMC SC4 179053 SMC100.6 38443 0 1000 16.304±0.009 16.339±0.009 16.148±0.008 01 I 1300 2400
SMC SC5 11453 SMC100.8 14734 3300 3400 — 15.871±0.004 15.779±0.008 01 I 3400 5000
SMC SC5 21117 SMC100.8 52883 3650 3750 — 16.051±0.004 16.143±0.009 01 V I 970 2000
02 I 2200 2800
03 I 2900 3400
04 V I 3850 5000
SMC SC5 21134 SMC100.8 45175 1000 1500 15.994±0.013 16.023±0.006 16.091±0.007 01 I 1600 2000
SMC SC5 32377 SMC100.7 50838 4050 4100 — 15.844±0.003 15.941±0.008 01 I 3030 3400
02 I 4350 5000
SMC SC5 43650 SMC100.6 15248 1400 2000 17.177±0.013 17.214±0.01 17.305±0.017 01 V I 750 2000
02 V I 2550 5000
SMC SC5 54851 SMC100.5 14725 600 850 16.264±0.01 16.311±0.009 16.366±0.008 01 B V I 850 2000
02 I 2120 3600
03 V I 3650 5000
SMC SC5 65500 SMC101.8 21127 1000 1500 16.034±0.011 15.981±0.007 15.959±0.006 01 B V I 600 1000
SMC SC5 129535 SMC100.6 53957 4700 4800 — 16.923±0.008 16.953±0.013 01 V I 3300 5000
SMC SC5 145724 SMC101.8 21370 3000 3200 — — 17.116±0.019 01 I 3230 5000
SMC SC5 180034 SMC100.1 27826 3900 4100 — 16.436±0.005 16.431±0.009 01 V I 4120 5000
SMC SC5 260841 SMC100.1 36050 800 900 15.858±0.011 16.013±0.008 16.182±0.008 01 I 1500 2200
02 V I 3800 4800
SMC SC5 260957 SMC100.1 36101 1200 1700 16.747±0.009 16.917±0.009 17.043±0.015 01 V I 3620 5000
SMC SC5 266088 SMC100.2 9240 700 750 17.227±0.012 17.315±0.01 17.408±0.016 01 B V I 750 2000
SMC SC5 276982 SMC100.3 9403 4400 4500 — 15.993±0.005 15.757±0.008 01 V I 3030 4500
SMC SC5 282963 SMC100.3 9408 1000 1500 15.431±0.009 15.591±0.006 15.665±0.005 01 I 1600 4300
SMC SC6 11085 SMC100.1 36096 700 1100 15.52±0.01 15.667±0.007 15.863±0.006 01 V I 1400 2000
02 V I 3900 5000
SMC SC6 17538 SMC100.2 9240 0 750 17.213±0.012 17.315±0.013 17.424±0.015 01 V I 800 3000
SMC SC6 42440 SMC100.3 56046 700 1100 16.867±0.012 17.01±0.011 17.19±0.017 01 I 1400 3500
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Table 5 – continued List of Be stars and their respective bumps selected for this study
OGLE-II OGLE-III diskless interval B∗ V∗ I∗ Bump Bands Bump interval
Field ID Field ID (JD-2450000) ID (JD-2450000)
SMC SC6 99991 SMC100.1 43700 1300 1800 15.755±0.007 15.923±0.007 16.126±0.009 01 I 650 1400
02 I 1800 2500
03 I 3150 4000
04 I 4200 5000
SMC SC6 105368 SMC100.2 17645 600 1200 16.462±0.011 16.592±0.008 16.681±0.011 01 V I 1150 2000
02 I 2700 4000
SMC SC6 116294 SMC100.2 49901 0 900 16.775±0.012 16.958±0.01 17.085±0.013 01 I 985 2000
SMC SC6 128831 SMC100.3 55954 600 1200 15.849±0.009 16.018±0.007 16.116±0.007 01 I 1445 2600
SMC SC6 199611 SMC100.3 29080 600 1300 15.265±0.011 15.447±0.008 15.594±0.006 01 I 1500 2000
SMC SC6 272665 SMC106.6 26640 1000 1500 17.784±0.016 17.962±0.016 18.04±0.029 01 I 1620 4500
SMC SC7 57131 SMC105.6 33029 1200 2000 16.037±0.015 16.127±0.008 16.269±0.008 01 I 2780 3500
SMC SC8 183240 SMC105.2 32029 3000 4000 — 14.783±0.003 14.946±0.005 01 V I 4150 4800
SMC SC9 105383 SMC110.6 114 1000 1300 16.115±0.01 16.264±0.007 16.4±0.009 01 V I 1240 3500
02 V I 3780 4800
SMC SC9 168422 SMC113.7 6330 4700 4850 — 17.002±0.009 17.057±0.014 01 V I 2700 4850
SMC SC10 8906 SMC110.6 22338 4500 5000 — 15.253±0.003 15.382±0.006 01 I 2935 3300
02 V I 3650 3710
SMC SC11 28090 SMC113.2 4458 4500 5000 — 15.248±0.004 15.433±0.006 01 V I 2300 4500
SMC SC11 46587 SMC110.3 16096 600 1000 17.087±0.013 17.248±0.01 17.343±0.021 01 I 1110 4500
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Table 6. Results of the pipeline for each star and bump of the sample
OGLE-II ID Bump M [M] t/tMS W cos i Σ0 αbu αd τ˜bu
(
− ∂M∂t
)
typ
(
− ∂J∂t
)
std
−∆J∗
ID [g cm−2] [10−9× [1036× [1044×
M yr−1] g cm2 s−2] g cm2 s−1]
SMC SC1 7612 01 13.7+3.0−3.0 0.4
+0.3
−0.2 0.82
+0.1
−0.1 0.37
+0.16
−0.05 0.9
+1.4
−0.5 0.44
+0.68
−0.34 0.62
+0.52
−0.4 0.23
+0.35
−0.18 0.55
+0.66
−0.34 0.94
+1.31
−0.6 0.06
+0.08
−0.04
02 1.1+1.5−0.6 0.47
+0.64
−0.34 0.56
+0.62
−0.38 0.2
+0.3
−0.14 0.7
+0.76
−0.44 1.18
+1.51
−0.76 0.06
+0.08
−0.04
SMC SC1 60553 01 13.8+3.5−2.7 0.7
+0.2
−0.3 0.8
+0.1
−0.1 0.62
+0.1
−0.05 1.9
+1.0
−0.5 1.26
+0.17
−0.28 0.1
+0.04
−0.03 3.07
+0.57
−0.72 4.72
+1.94
−1.59 9.12
+4.64
−3.45 2.93
+1.45
−1.11
SMC SC1 75701 01 17.0+2.8−3.9 0.5
+0.3
−0.3 0.81
+0.11
−0.11 0.7
+0.13
−0.07 2.2
+0.7
−0.5 0.25
+0.21
−0.09 0.11
+0.06
−0.04 0.81
+0.65
−0.3 1.11
+1.24
−0.51 2.33
+2.92
−1.17 0.97
+1.22
−0.49
SMC SC1 92262 01 14.7+3.3−2.9 0.6
+0.2
−0.3 0.8
+0.1
−0.1 0.04
+0.02
−0.02 1.3
+1.1
−0.7 0.49
+0.53
−0.3 0.89
+0.41
−0.47 0.53
+0.58
−0.31 1.11
+1.2
−0.6 2.2
+2.42
−1.21 0.32
+0.33
−0.17
02 2.6+0.5−0.5 0.99
+0.33
−0.36 0.94
+0.34
−0.32 1.14
+0.64
−0.44 4.86
+1.81
−1.35 9.61
+4.13
−2.88 1.52
+0.72
−0.48
SMC SC2 94939 01 12.0+3.0−2.4 0.6
+0.3
−0.4 0.81
+0.1
−0.1 0.46
+0.14
−0.07 2.4
+0.8
−0.8 0.9
+0.42
−0.43 0.63
+0.34
−0.32 1.31
+0.59
−0.61 3.26
+2.5
−1.74 5.47
+4.52
−2.98 0.96
+0.77
−0.53
SMC SC3 5719 01 12.1+2.9−2.6 0.6
+0.3
−0.3 0.81
+0.1
−0.11 0.41
+0.1
−0.06 2.6
+0.6
−0.8 0.68
+0.46
−0.33 0.38
+0.21
−0.18 4.15
+2.74
−1.98 2.74
+2.49
−1.6 4.59
+4.31
−2.72 3.28
+3.06
−1.95
SMC SC3 15970 01 15.0+2.7−2.4 0.7
+0.2
−0.2 0.82
+0.09
−0.1 0.62
+0.03
−0.02 1.3
+0.4
−0.2 0.72
+0.3
−0.29 0.12
+0.05
−0.03 1.52
+0.69
−0.67 2.08
+1.17
−0.76 4.3
+3.07
−1.71 1.26
+0.81
−0.5
02 1.5+0.4−0.3 0.78
+0.37
−0.3 0.17
+0.05
−0.03 2.05
+1.01
−0.81 2.68
+1.64
−1.01 5.53
+4.21
−2.24 2.02
+1.58
−0.82
03 1.3+0.3−0.2 1.08
+0.26
−0.27 0.13
+0.05
−0.05 3.17
+0.93
−0.96 3.13
+1.26
−0.99 6.5
+3.54
−2.39 2.62
+1.39
−0.96
SMC SC3 71445 01 10.5+2.4−2.1 0.6
+0.3
−0.3 0.81
+0.1
−0.1 0.43
+0.09
−0.06 2.5
+0.6
−0.7 0.58
+0.45
−0.28 0.67
+0.38
−0.29 1.3
+1.02
−0.6 1.96
+1.67
−1.05 2.88
+2.58
−1.6 0.7
+0.64
−0.39
02 1.2+0.6−0.4 0.67
+0.52
−0.35 1.0
+0.34
−0.37 0.59
+0.5
−0.31 1.12
+0.71
−0.49 1.64
+1.12
−0.74 0.16
+0.12
−0.07
SMC SC3 125899 01 13.9+3.3−3.2 0.5
+0.3
−0.3 0.81
+0.1
−0.1 0.39
+0.2
−0.07 1.6
+1.2
−0.8 0.73
+0.48
−0.4 0.35
+0.29
−0.19 1.09
+0.73
−0.61 1.88
+1.82
−1.13 3.49
+3.65
−2.16 0.64
+0.68
−0.39
SMC SC3 197941 01 12.1+4.5−2.0 0.7
+0.2
−0.4 0.83
+0.09
−0.11 0.56
+0.14
−0.04 0.8
+0.4
−0.2 0.36
+0.57
−0.21 0.1
+0.04
−0.03 1.38
+2.24
−0.82 0.62
+0.77
−0.34 1.14
+1.5
−0.66 0.58
+0.76
−0.33
SMC SC4 22859 01 8.2+1.7−1.6 0.4
+0.3
−0.3 0.8
+0.11
−0.1 0.64
+0.19
−0.11 0.3
+0.2
−0.1 0.68
+0.56
−0.55 0.03
+0.66
−0.02 4.16
+4.08
−3.37 0.2
+0.18
−0.15 0.23
+0.23
−0.17 0.13
+0.15
−0.1
SMC SC4 71499 01 17.3+2.4−3.7 0.5
+0.3
−0.3 0.81
+0.1
−0.11 0.53
+0.05
−0.03 1.5
+0.6
−0.4 0.7
+0.46
−0.32 0.25
+0.1
−0.07 1.1
+0.7
−0.51 2.09
+1.16
−0.86 4.41
+2.86
−2.0 0.9
+0.59
−0.4
02 1.8+0.7−0.5 0.68
+0.44
−0.31 0.19
+0.07
−0.06 1.37
+0.93
−0.62 2.32
+1.49
−1.0 4.9
+3.62
−2.28 1.34
+0.97
−0.62
SMC SC4 120783 01 18.2+1.9−2.4 0.9
+0.1
−0.1 0.82
+0.1
−0.11 0.6
+0.18
−0.08 0.9
+0.3
−0.2 0.73
+0.5
−0.47 0.13
+0.07
−0.05 1.72
+1.11
−1.1 2.01
+1.61
−1.05 5.47
+4.82
−2.84 2.25
+1.97
−1.16
SMC SC4 127840 01 15.2+3.0−2.3 0.8
+0.1
−0.2 0.82
+0.1
−0.1 0.65
+0.12
−0.09 2.8
+0.5
−0.6 0.39
+0.21
−0.13 0.76
+0.4
−0.32 0.57
+0.28
−0.18 2.95
+2.15
−1.19 6.77
+5.27
−2.88 1.52
+1.16
−0.66
SMC SC4 156248 01 12.9+3.2−2.4 0.7
+0.2
−0.4 0.82
+0.1
−0.11 0.07
+0.02
−0.04 1.2
+1.3
−0.8 0.46
+0.63
−0.32 0.89
+0.42
−0.48 1.5
+2.08
−1.05 0.69
+1.94
−0.45 1.28
+3.51
−0.83 0.53
+1.51
−0.35
SMC SC4 156251 01 17.3+2.0−2.4 0.6
+0.2
−0.2 0.83
+0.09
−0.1 0.78
+0.06
−0.05 2.3
+0.3
−0.4 0.41
+0.16
−0.09 0.67
+0.36
−0.27 0.43
+0.17
−0.1 2.14
+0.95
−0.63 4.84
+2.55
−1.58 0.73
+0.38
−0.25
02 1.6+0.2−0.2 0.6
+0.31
−0.2 0.49
+0.36
−0.16 0.64
+0.29
−0.2 2.24
+1.19
−0.7 5.08
+3.01
−1.77 0.76
+0.43
−0.26
03 2.8+0.4−0.4 0.93
+0.36
−0.34 0.49
+0.16
−0.11 1.25
+0.48
−0.42 5.88
+2.75
−2.18 13.27
+7.36
−5.32 2.52
+1.42
−0.96
SMC SC4 159829 01 14.5+2.8−3.0 0.4
+0.3
−0.3 0.81
+0.1
−0.1 0.59
+0.07
−0.05 2.5
+0.7
−0.6 1.05
+0.29
−0.31 0.26
+0.09
−0.07 1.64
+0.5
−0.48 4.16
+1.75
−1.48 7.59
+3.8
−2.93 1.44
+0.68
−0.55
02 2.5+0.6−0.6 0.96
+0.34
−0.37 0.72
+0.28
−0.23 2.6
+0.91
−0.95 3.82
+1.64
−1.47 6.92
+3.45
−2.79 2.25
+1.11
−0.91
SMC SC4 159857 01 15.2+3.4−3.3 0.5
+0.3
−0.3 0.82
+0.1
−0.1 0.54
+0.08
−0.03 0.7
+1.2
−0.3 0.45
+0.63
−0.35 0.67
+0.49
−0.37 0.33
+0.5
−0.26 0.59
+0.48
−0.3 1.15
+1.08
−0.61 0.11
+0.11
−0.06
02 1.1+0.7−0.3 0.62
+0.48
−0.37 0.32
+0.62
−0.15 0.43
+0.3
−0.27 1.33
+0.77
−0.61 2.63
+1.79
−1.29 0.22
+0.15
−0.11
SMC SC4 163828 01 8.7+1.8−1.8 0.4
+0.4
−0.3 0.8
+0.1
−0.1 0.72
+0.14
−0.08 0.6
+0.2
−0.1 0.48
+0.58
−0.31 0.04
+0.04
−0.02 3.76
+4.54
−2.4 0.29
+0.33
−0.18 0.34
+0.42
−0.21 0.25
+0.31
−0.15
SMC SC4 167554 01 9.2+1.9−2.1 0.4
+0.3
−0.3 0.8
+0.1
−0.1 0.59
+0.08
−0.05 0.8
+0.5
−0.2 0.56
+0.46
−0.34 0.54
+0.45
−0.24 0.54
+0.44
−0.34 0.47
+0.32
−0.2 0.57
+0.44
−0.25 0.05
+0.04
−0.02
02 1.5+0.6−0.4 0.42
+0.36
−0.18 0.84
+0.42
−0.34 0.51
+0.47
−0.21 0.7
+0.5
−0.29 0.86
+0.71
−0.39 0.1
+0.08
−0.05
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Table 6 – continued Results of the pipeline for each star and bump of the sample
OGLE-II ID Bump M [M] t/tMS W cos i Σ0 αbu αd τ˜bu
(
− ∂M∂t
)
typ
(
− ∂J∂t
)
std
−∆J∗
ID [g cm−2] [10−9× [1036× [1044×
M yr−1] g cm2 s−2] g cm2 s−1]
SMC SC4 171253 01 16.5+2.5−3.4 0.4
+0.3
−0.3 0.81
+0.11
−0.1 0.59
+0.14
−0.07 0.3
+1.2
−0.1 0.41
+0.73
−0.39 0.78
+0.5
−0.47 0.38
+0.65
−0.36 0.2
+0.28
−0.15 0.41
+0.58
−0.31 0.05
+0.07
−0.03
02 0.4+0.5−0.1 0.54
+0.6
−0.47 0.67
+0.5
−0.46 0.4
+0.44
−0.36 0.3
+0.32
−0.2 0.59
+0.69
−0.4 0.05
+0.07
−0.04
SMC SC4 175272 01 12.1+2.6−2.8 0.5
+0.3
−0.3 0.82
+0.1
−0.12 0.37
+0.15
−0.05 1.8
+1.1
−0.7 0.72
+0.46
−0.39 0.46
+0.34
−0.23 2.54
+1.6
−1.38 1.87
+1.68
−1.13 2.96
+2.97
−1.82 1.19
+1.17
−0.74
SMC SC4 179053 01 12.5+3.0−2.7 0.5
+0.3
−0.3 0.82
+0.1
−0.11 0.03
+0.03
−0.02 2.1
+0.9
−0.7 0.78
+0.46
−0.43 1.08
+0.3
−0.35 2.12
+1.4
−1.18 2.28
+1.67
−1.02 3.81
+3.09
−1.77 1.2
+0.98
−0.54
SMC SC5 11453 01 14.6+3.3−3.4 0.5
+0.3
−0.3 0.81
+0.11
−0.11 0.39
+0.14
−0.06 1.9
+1.0
−0.8 0.89
+0.38
−0.39 0.24
+0.15
−0.11 4.72
+2.18
−2.0 2.96
+2.47
−1.71 5.66
+5.16
−3.43 3.85
+3.47
−2.35
SMC SC5 21117 01 16.0+2.3−2.6 0.5
+0.2
−0.2 0.8
+0.1
−0.1 0.52
+0.03
−0.01 1.4
+0.4
−0.3 0.55
+0.37
−0.21 0.55
+0.42
−0.25 0.83
+0.57
−0.31 1.48
+0.84
−0.55 3.0
+2.0
−1.25 0.58
+0.39
−0.24
02 2.1+0.8−0.4 0.75
+0.38
−0.29 0.15
+0.08
−0.04 1.15
+0.55
−0.41 2.89
+2.02
−1.16 5.77
+4.94
−2.51 1.16
+0.94
−0.5
03 2.1+0.6−0.5 0.62
+0.28
−0.21 0.33
+0.21
−0.11 0.74
+0.37
−0.25 2.42
+1.36
−0.86 4.86
+3.4
−1.97 0.75
+0.51
−0.3
04 1.6+0.3−0.3 0.72
+0.31
−0.23 0.13
+0.07
−0.04 2.96
+1.15
−1.03 2.23
+1.11
−0.78 4.5
+2.69
−1.75 2.28
+1.48
−0.92
SMC SC5 21134 01 12.9+3.7−2.8 0.5
+0.3
−0.4 0.81
+0.1
−0.1 0.41
+0.22
−0.08 0.7
+1.6
−0.4 0.43
+0.66
−0.37 0.15
+0.3
−0.09 0.44
+0.74
−0.38 0.42
+0.56
−0.3 0.72
+1.06
−0.53 0.09
+0.13
−0.06
SMC SC5 32377 01 14.3+3.1−3.1 0.6
+0.3
−0.3 0.82
+0.1
−0.1 0.35
+0.08
−0.04 1.8
+1.0
−0.7 0.75
+0.48
−0.41 0.57
+0.4
−0.26 0.37
+0.33
−0.2 2.25
+1.85
−1.11 4.31
+3.82
−2.24 0.28
+0.26
−0.15
02 2.1+0.8−0.7 0.6
+0.37
−0.27 0.27
+0.12
−0.11 1.13
+0.73
−0.49 2.26
+1.73
−1.11 4.23
+3.75
−2.13 1.02
+0.89
−0.52
SMC SC5 43650 01 8.9+2.0−1.9 0.4
+0.3
−0.3 0.79
+0.11
−0.1 0.55
+0.1
−0.04 0.4
+0.7
−0.1 0.5
+0.64
−0.45 0.34
+0.73
−0.26 1.07
+1.36
−0.95 0.18
+0.18
−0.12 0.21
+0.23
−0.14 0.04
+0.05
−0.03
02 0.5+0.2−0.1 0.58
+0.59
−0.43 0.62
+0.59
−0.51 6.62
+6.56
−4.92 0.29
+0.27
−0.19 0.34
+0.35
−0.23 0.36
+0.41
−0.24
SMC SC5 54851 01 12.5+2.4−2.0 0.6
+0.2
−0.2 0.82
+0.09
−0.09 0.62
+0.03
−0.01 1.1
+0.3
−0.2 0.74
+0.35
−0.33 0.1
+0.04
−0.03 1.85
+0.85
−0.85 1.41
+0.74
−0.56 2.44
+1.54
−1.04 0.73
+0.48
−0.32
02 1.2+0.3−0.2 0.76
+0.35
−0.34 0.11
+0.03
−0.03 2.08
+0.89
−0.95 1.55
+0.8
−0.61 2.67
+1.67
−1.13 0.88
+0.52
−0.37
03 1.1+0.2−0.1 0.5
+0.31
−0.18 0.05
+0.01
−0.01 2.42
+1.6
−0.86 0.97
+0.63
−0.39 1.69
+1.3
−0.76 0.99
+0.81
−0.45
SMC SC5 65500 01 12.8+3.3−2.7 0.5
+0.3
−0.3 0.81
+0.1
−0.11 0.66
+0.11
−0.05 2.0
+1.0
−0.6 0.61
+0.38
−0.27 0.29
+0.13
−0.11 0.46
+0.27
−0.19 1.91
+1.23
−0.88 3.21
+2.57
−1.62 0.28
+0.22
−0.14
SMC SC5 129535 01 9.1+2.1−2.0 0.4
+0.3
−0.3 0.81
+0.1
−0.1 0.57
+0.13
−0.05 0.7
+0.2
−0.2 0.63
+0.53
−0.36 0.22
+0.27
−0.11 4.4
+3.69
−2.6 0.49
+0.39
−0.27 0.61
+0.52
−0.34 0.42
+0.37
−0.23
SMC SC5 145724 01 8.6+2.1−1.8 0.5
+0.3
−0.3 0.81
+0.11
−0.11 0.42
+0.1
−0.05 2.4
+0.7
−0.8 0.81
+0.44
−0.41 0.13
+0.07
−0.06 4.2
+2.39
−2.09 2.05
+1.73
−1.15 2.51
+2.24
−1.4 1.31
+1.21
−0.75
SMC SC5 180034 01 12.0+2.5−2.5 0.4
+0.3
−0.3 0.8
+0.1
−0.11 0.63
+0.15
−0.1 1.0
+0.5
−0.3 0.32
+0.55
−0.19 0.19
+0.15
−0.08 0.91
+1.56
−0.54 0.45
+0.57
−0.25 0.71
+0.95
−0.42 0.22
+0.27
−0.13
SMC SC5 260841 01 13.4+4.0−3.2 0.6
+0.3
−0.3 0.81
+0.1
−0.1 0.53
+0.06
−0.02 0.6
+0.5
−0.1 0.78
+0.45
−0.52 0.06
+0.26
−0.02 1.53
+0.95
−1.05 0.77
+0.52
−0.4 1.34
+1.17
−0.69 0.33
+0.29
−0.17
02 0.6+0.3−0.1 0.75
+0.44
−0.44 0.06
+0.77
−0.03 2.74
+1.74
−1.78 0.72
+0.44
−0.35 1.27
+0.92
−0.62 0.54
+0.43
−0.28
SMC SC5 260957 01 8.9+2.1−2.0 0.4
+0.4
−0.3 0.82
+0.09
−0.11 0.58
+0.14
−0.06 1.2
+0.4
−0.3 0.55
+0.5
−0.24 0.04
+0.02
−0.02 2.45
+2.21
−1.1 0.78
+0.63
−0.4 0.98
+0.86
−0.54 0.43
+0.4
−0.23
SMC SC5 266088 01 7.8+1.5−1.6 0.3
+0.3
−0.2 0.81
+0.1
−0.11 0.7
+0.14
−0.08 0.7
+0.4
−0.1 0.3
+0.69
−0.24 0.06
+0.05
−0.02 1.92
+4.42
−1.56 0.17
+0.3
−0.11 0.18
+0.34
−0.12 0.11
+0.19
−0.07
SMC SC5 276982 01 17.1+2.2−2.6 0.2
+0.2
−0.2 0.8
+0.1
−0.11 0.75
+0.11
−0.1 1.2
+0.4
−0.3 0.06
+0.19
−0.03 0.05
+0.04
−0.02 0.31
+1.0
−0.16 0.12
+0.26
−0.06 0.23
+0.54
−0.13 0.15
+0.33
−0.08
SMC SC5 282963 01 15.6+3.1−3.6 0.6
+0.3
−0.3 0.82
+0.1
−0.11 0.38
+0.19
−0.06 1.7
+1.0
−0.8 0.62
+0.51
−0.33 0.39
+0.32
−0.21 5.62
+4.36
−2.92 2.07
+2.43
−1.35 4.14
+5.39
−2.78 4.96
+6.18
−3.36
SMC SC6 11085 01 17.8+1.9−2.9 0.3
+0.3
−0.2 0.81
+0.1
−0.11 0.74
+0.06
−0.05 2.4
+0.6
−0.5 0.59
+0.26
−0.18 0.13
+0.05
−0.04 0.99
+0.45
−0.3 2.53
+1.13
−0.87 5.19
+2.71
−1.99 1.06
+0.57
−0.4
02 2.6+0.5−0.4 0.78
+0.34
−0.27 0.27
+0.09
−0.07 1.49
+0.63
−0.5 3.41
+1.75
−1.29 7.07
+4.11
−3.0 1.64
+0.95
−0.68
SMC SC6 17538 01 7.8+1.6−1.4 0.3
+0.3
−0.2 0.8
+0.1
−0.11 0.61
+0.15
−0.08 0.7
+0.3
−0.2 0.59
+0.58
−0.41 0.08
+0.09
−0.04 3.55
+3.44
−2.47 0.37
+0.34
−0.22 0.4
+0.39
−0.24 0.22
+0.21
−0.13
SMC SC6 42440 01 8.9+2.0−2.0 0.4
+0.4
−0.3 0.81
+0.1
−0.11 0.36
+0.15
−0.05 1.8
+1.2
−0.8 0.78
+0.45
−0.42 0.19
+0.17
−0.1 2.82
+1.81
−1.46 1.36
+1.32
−0.79 1.66
+1.84
−0.99 0.61
+0.72
−0.37
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Table 6 – continued Results of the pipeline for each star and bump of the sample
SMC SC6 99991 01 14.8+2.6−2.8 0.5
+0.2
−0.2 0.83
+0.09
−0.09 0.34
+0.04
−0.02 1.7
+0.6
−0.5 0.62
+0.43
−0.25 0.98
+0.31
−0.29 0.88
+0.64
−0.36 1.85
+1.11
−0.75 3.54
+2.45
−1.55 0.64
+0.44
−0.27
02 2.2+0.7−0.6 0.62
+0.33
−0.25 0.74
+0.33
−0.26 1.13
+0.62
−0.44 2.37
+1.58
−0.97 4.47
+3.48
−1.93 1.02
+0.8
−0.43
03 1.9+0.6−0.5 0.55
+0.45
−0.22 0.76
+0.3
−0.24 1.03
+0.83
−0.43 1.94
+1.17
−0.77 3.72
+2.63
−1.65 0.85
+0.62
−0.37
04 1.7+0.5−0.4 0.53
+0.36
−0.22 0.92
+0.3
−0.26 1.12
+0.77
−0.47 1.56
+0.97
−0.59 2.96
+2.18
−1.24 0.79
+0.59
−0.33
SMC SC6 105368 01 11.2+2.7−2.9 0.5
+0.3
−0.3 0.81
+0.1
−0.1 0.53
+0.04
−0.02 0.9
+0.4
−0.2 0.51
+0.57
−0.31 0.17
+0.1
−0.06 1.12
+1.23
−0.68 0.61
+0.56
−0.3 0.92
+0.91
−0.47 0.22
+0.22
−0.11
02 1.2+0.5−0.4 0.28
+0.48
−0.13 0.19
+0.13
−0.07 0.78
+1.38
−0.37 0.5
+0.48
−0.21 0.76
+0.77
−0.34 0.23
+0.25
−0.1
SMC SC6 116294 01 8.6+2.1−1.7 0.5
+0.3
−0.3 0.82
+0.1
−0.11 0.41
+0.1
−0.05 2.6
+0.7
−1.0 0.87
+0.4
−0.39 0.16
+0.09
−0.07 2.71
+1.35
−1.23 2.42
+1.65
−1.34 2.99
+2.11
−1.69 0.93
+0.71
−0.53
SMC SC6 128831 01 12.9+3.6−2.9 0.6
+0.3
−0.3 0.81
+0.1
−0.1 0.03
+0.03
−0.02 2.7
+0.5
−0.8 0.96
+0.37
−0.42 0.62
+0.33
−0.23 0.85
+0.38
−0.37 3.93
+2.09
−1.61 6.95
+4.2
−2.98 0.79
+0.45
−0.35
SMC SC6 199611 01 15.5+3.6−3.3 0.6
+0.3
−0.3 0.81
+0.11
−0.11 0.39
+0.17
−0.07 1.5
+1.3
−0.8 0.51
+0.58
−0.36 0.29
+0.26
−0.16 0.44
+0.52
−0.31 1.33
+1.47
−0.84 2.75
+3.38
−1.76 0.33
+0.39
−0.21
SMC SC6 272665 01 6.3+1.2−0.9 0.3
+0.3
−0.2 0.81
+0.12
−0.11 0.39
+0.19
−0.07 0.6
+0.3
−0.2 0.7
+0.51
−0.47 0.07
+0.41
−0.05 7.81
+6.55
−5.28 0.26
+0.25
−0.15 0.23
+0.24
−0.14 0.22
+0.23
−0.14
SMC SC7 57131 01 12.0+2.8−2.4 0.5
+0.3
−0.3 0.81
+0.1
−0.11 0.39
+0.14
−0.06 2.0
+0.8
−0.7 0.73
+0.43
−0.4 0.65
+0.41
−0.36 1.81
+1.04
−0.98 2.11
+1.81
−1.3 3.4
+3.27
−2.12 0.99
+0.93
−0.62
SMC SC8 183240 01 17.6+2.3−2.9 0.7
+0.2
−0.2 0.82
+0.1
−0.11 0.61
+0.15
−0.08 0.9
+0.4
−0.2 0.64
+0.51
−0.44 0.28
+0.23
−0.13 1.18
+0.87
−0.77 1.45
+1.3
−0.79 3.46
+3.52
−1.93 0.98
+1.0
−0.54
SMC SC9 105383 01 13.0+3.0−2.6 0.4
+0.3
−0.3 0.82
+0.1
−0.11 0.56
+0.06
−0.04 1.9
+0.7
−0.5 0.53
+0.44
−0.26 0.09
+0.04
−0.02 1.43
+1.21
−0.69 1.47
+1.17
−0.68 2.42
+2.29
−1.19 0.74
+0.7
−0.37
02 1.7+0.6−0.4 0.77
+0.41
−0.32 0.09
+0.03
−0.03 1.9
+0.91
−0.78 1.94
+1.22
−0.81 3.2
+2.55
−1.44 0.87
+0.71
−0.38
SMC SC9 168422 01 8.8+1.8−1.8 0.4
+0.4
−0.3 0.8
+0.1
−0.1 0.61
+0.18
−0.08 0.5
+0.3
−0.1 0.56
+0.6
−0.43 0.07
+0.11
−0.03 2.55
+2.96
−2.01 0.27
+0.27
−0.18 0.33
+0.34
−0.21 0.15
+0.16
−0.1
SMC SC10 8906 01 16.1+3.3−3.4 0.6
+0.2
−0.3 0.82
+0.1
−0.1 0.56
+0.09
−0.04 2.2
+0.9
−0.7 0.89
+0.38
−0.31 0.44
+0.23
−0.16 0.2
+0.1
−0.07 4.23
+2.33
−1.6 9.05
+5.83
−3.69 0.3
+0.19
−0.12
02 2.0+0.8−0.7 0.82
+0.36
−0.31 0.9
+0.35
−0.31 0.07
+0.03
−0.02 3.5
+1.98
−1.35 7.5
+4.86
−3.08 0.09
+0.05
−0.04
SMC SC11 28090 01 14.5+3.8−2.8 0.7
+0.2
−0.3 0.82
+0.1
−0.11 0.57
+0.13
−0.05 1.8
+0.8
−0.7 0.1
+0.09
−0.05 0.12
+0.05
−0.05 0.46
+0.41
−0.2 0.45
+0.38
−0.22 0.94
+0.96
−0.5 0.59
+0.59
−0.32
SMC SC11 46587 01 8.2+1.8−1.6 0.4
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Figure A1. Dynamical bump model with τ˜bu = 30. Top: the
amount of angular momentum in the disc (solid black curve) and
the amount of angular momentum that is lost by the star (dotted
black curve). Colored vertical straight lines mark the 5 instants
τ˜ = 0, 0.2, 1, 6, 25 (during the build-up phase), and the 5 instants
τ˜ = 30, 30.2, 31, 36, 55 (during the dissipation phase). Surface den-
sity profiles are shown at the first 5 instants (bottom left) and at
the last 5 instants (bottom right).
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APPENDIX A: PROPERTIES OF THE
HYDRODYNAMICAL SOLUTIONS OF THE
VDD MODEL
A particular bump model (Sect. 3.1) with arbitrary density
Σ0 and scaled build-up time τ˜bu = 30 is used to illustrate
features of the bump models in Fig. A1. The top panel shows
the amount of angular momentum in the disc, given by
Jdisc =
∫
(GMR) 12 Σ2piRdR , (A1)
and the amount of angular momentum that is lost by the
star, given by the angular momentum that is injected at the
radius of mass injection minus the angular momentum that
falls back to the stellar equator. By the continuity of angular
momentum, the difference between the dotted and the solid
curves is the angular momentum that escapes the system
through the outer boundary at Rout. All values were scaled
by the maximum angular momentum supported by the disc,
which is
Jdisc,max =
∫
(GMR) 12 Σsteady2piRdR . (A2)
The plot shows that, as the build-up process occurs, the disc
mass and angular momentum content increase continuously.
Eventually (in our example, roughly after τ˜ = 10), a non-
negligible amount of angular momentum starts to reach the
outer radius Rout = 1000Req, leaving the system through the
outer boundary. After the end of the build-up phase (which,
in our example, happens at τ˜ = 30), the disc starts to dissi-
pate: the black curve shows that the disc loses angular mo-
mentum until it reaches zero. However, as the dotted curve
shows, only a fraction of the angular momentum of the disc
returns to the star by re-accretion. The dotted curve tends
to a non-zero value, which is the angular momentum that
was lost by the star in the whole process. This non-zero to-
tal angular momentum lost by the star was verified in our
simulations to be given exactly by
−∆J∗ =
∫ τ˜bu
0
τ(t)
(
− ∂J
∂t
)
steady
dτ˜ , (A3)
or, in the case of a constant α in time during build-up
(Eq. 20),
−∆J∗ =
(
− ∂J
∂t
)
steady
(t2 − t1) . (A4)
This quantity, therefore, is nearly independent of Rout.
The bottom panels of Fig. A1 show surface density ra-
dial profiles at the specify instants marked in the top panel.
During build-up, the disc grows in an inside out pattern,
with the inner regions reaching a near stationary regime
earlier than the outer parts. During dissipation, however,
the disc becomes less and less dense as a whole, more or less
self-similar way, because the entire disc is coupled by viscous
forces.
APPENDIX B: EXAMPLES OF MODEL LIGHT
CURVES
Figure B1 shows examples of I-band light curves from our
grid (see Table 1 and Sects. 3.2 and 3.3). The dashed black
curves correspond to ∆Ibu/∆I∞bu versus τ˜. The solid curves
correspond to ∆Id/∆I0d versus τ˜− τ˜bu for four dissipating light
curves with increasing scaled build-up times. Since ∆I∞bu is
the limiting magnitude of the build-up light curves and ∆I0d is
the magnitude at the instant of the beginning of dissipation,
it follows that all ∆Ibu/∆I∞bu curves go from 0 to 1 and all
∆Id/∆I0d curves go from 1 to 0.
The build-up and dissipation light curves of the edge-
on (upper-left panel) and nearly-pole-on cases (right panels)
can be approximated by the mathematical formulae given
by Eqs. 17 and 18, respectively. The light curves at inter-
mediate angles like the ones of the middle-left and lower-left
panels show more complex forms that cannot be described
by Eqs. 17 and 18. The light curves show that, at τ˜ ≈ 1,
the simulated bump has reached a significant fraction of its
limiting value, and, at τ˜ − τ˜bu ≈ 1, the bump has already
fallen considerably from its previous magnitude before the
beginning of the dissipation.
Furthermore, dissipating curves with larger scaled
build-up times dissipate at slower rates, as a result of
the mass reservoir effect (Sect. 2.2). Also, as discussed in
Sect. 3.3, both the dissipation and growth rates depend on
the viewing angle.
APPENDIX C: ONLINE FIGURES
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Figure B1. Examples of model I-band light curves. Each panel shows the results for different inclination angles, as indicated. The
dashed black curves correspond to ∆Ibu/∆I∞bu versus τ˜, and the solid curves correspond to ∆Id/∆I0d versus τ˜ − τ˜bu, for four dissipating
light curves with scaled build-up times given by τ˜bu = 0.15, 1.5, 6 (in black) and τ˜bu = 30 (in red). Vertical colored straight lines mark the
instants τ˜ or τ˜ − τ˜bu = 0, 0.2, 1 (same color-code as in Fig. A1). All light curves are from Star 2 and Σ0 = 1.37 g cm−2.
MNRAS 000, 1–109 (2017)
30 L. R. Rı´mulo et al.
Figure C1. Same as Fig. 8 for SMC SC1 7612 and bump ID 01.
MNRAS 000, 1–109 (2017)
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Figure C2. Same as Fig. 8 for SMC SC1 7612 and bump ID 02.
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Figure C3. Same as Fig. 8 for SMC SC1 60553 and bump ID 01.
MNRAS 000, 1–109 (2017)
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Figure C4. Same as Fig. 8 for SMC SC1 92262 and bump ID 01.
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Figure C5. Same as Fig. 8 for SMC SC1 92262 and bump ID 02.
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Figure C6. Same as Fig. 8 for SMC SC2 94939 and bump ID 01.
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Figure C7. Same as Fig. 8 for SMC SC3 5719 and bump ID 01.
MNRAS 000, 1–109 (2017)
Fundamental disc parameters of 54 SMC Be stars 37
Figure C8. Same as Fig. 8 for SMC SC3 15970 and bump ID 01.
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Figure C9. Same as Fig. 8 for SMC SC3 15970 and bump ID 02.
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Figure C10. Same as Fig. 8 for SMC SC3 15970 and bump ID 03.
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Figure C11. Same as Fig. 8 for SMC SC3 71445 and bump ID 01.
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Figure C12. Same as Fig. 8 for SMC SC3 71445 and bump ID 02.
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Figure C13. Same as Fig. 8 for SMC SC3 125899 and bump ID 01.
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Figure C14. Same as Fig. 8 for SMC SC3 197941 and bump ID 01.
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Figure C15. Same as Fig. 8 for SMC SC4 22859 and bump ID 01.
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Figure C16. Same as Fig. 8 for SMC SC4 71499 and bump ID 01.
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Figure C17. Same as Fig. 8 for SMC SC4 71499 and bump ID 02.
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Figure C18. Same as Fig. 8 for SMC SC4 120783 and bump ID 01.
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Figure C19. Same as Fig. 8 for SMC SC4 127840 and bump ID 01.
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Figure C20. Same as Fig. 8 for SMC SC4 156248 and bump ID 01.
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Figure C21. Same as Fig. 8 for SMC SC4 156251 and bump ID 01.
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Figure C22. Same as Fig. 8 for SMC SC4 156251 and bump ID 02.
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Figure C23. Same as Fig. 8 for SMC SC4 156251 and bump ID 03.
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Figure C24. Same as Fig. 8 for SMC SC4 159829 and bump ID 01.
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Figure C25. Same as Fig. 8 for SMC SC4 159829 and bump ID 02.
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Figure C26. Same as Fig. 8 for SMC SC4 159857 and bump ID 01.
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Figure C27. Same as Fig. 8 for SMC SC4 159857 and bump ID 02.
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Figure C28. Same as Fig. 8 for SMC SC4 163828 and bump ID 01.
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Figure C29. Same as Fig. 8 for SMC SC4 167554 and bump ID 01.
MNRAS 000, 1–109 (2017)
Fundamental disc parameters of 54 SMC Be stars 59
Figure C30. Same as Fig. 8 for SMC SC4 167554 and bump ID 02.
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Figure C31. Same as Fig. 8 for SMC SC4 171253 and bump ID 01.
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Figure C32. Same as Fig. 8 for SMC SC4 171253 and bump ID 02.
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Figure C33. Same as Fig. 8 for SMC SC4 175272 and bump ID 01.
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Figure C34. Same as Fig. 8 for SMC SC4 179053 and bump ID 01.
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Figure C35. Same as Fig. 8 for SMC SC5 11453 and bump ID 01.
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Figure C36. Same as Fig. 8 for SMC SC5 21117 and bump ID 01.
MNRAS 000, 1–109 (2017)
66 L. R. Rı´mulo et al.
Figure C37. Same as Fig. 8 for SMC SC5 21117 and bump ID 02.
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Figure C38. Same as Fig. 8 for SMC SC5 21117 and bump ID 03.
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Figure C39. Same as Fig. 8 for SMC SC5 21117 and bump ID 04.
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Figure C40. Same as Fig. 8 for SMC SC5 21134 and bump ID 01.
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Figure C41. Same as Fig. 8 for SMC SC5 32377 and bump ID 01.
MNRAS 000, 1–109 (2017)
Fundamental disc parameters of 54 SMC Be stars 71
Figure C42. Same as Fig. 8 for SMC SC5 32377 and bump ID 02.
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Figure C43. Same as Fig. 8 for SMC SC5 43650 and bump ID 01.
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Figure C44. Same as Fig. 8 for SMC SC5 43650 and bump ID 02.
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Figure C45. Same as Fig. 8 for SMC SC5 54851 and bump ID 01.
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Figure C46. Same as Fig. 8 for SMC SC5 54851 and bump ID 02.
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Figure C47. Same as Fig. 8 for SMC SC5 54851 and bump ID 03.
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Figure C48. Same as Fig. 8 for SMC SC5 65500 and bump ID 01.
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Figure C49. Same as Fig. 8 for SMC SC5 129535 and bump ID 01.
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Figure C50. Same as Fig. 8 for SMC SC5 145724 and bump ID 01.
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Figure C51. Same as Fig. 8 for SMC SC5 180034 and bump ID 01.
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Figure C52. Same as Fig. 8 for SMC SC5 260841 and bump ID 01.
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Figure C53. Same as Fig. 8 for SMC SC5 260841 and bump ID 02.
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Figure C54. Same as Fig. 8 for SMC SC5 260957 and bump ID 01.
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Figure C55. Same as Fig. 8 for SMC SC5 266088 and bump ID 01.
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Figure C56. Same as Fig. 8 for SMC SC5 276982 and bump ID 01.
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Figure C57. Same as Fig. 8 for SMC SC5 282963 and bump ID 01.
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Figure C58. Same as Fig. 8 for SMC SC6 11085 and bump ID 01.
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Figure C59. Same as Fig. 8 for SMC SC6 11085 and bump ID 02.
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Figure C60. Same as Fig. 8 for SMC SC6 17538 and bump ID 01.
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Figure C61. Same as Fig. 8 for SMC SC6 42440 and bump ID 01.
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Figure C62. Same as Fig. 8 for SMC SC6 99991 and bump ID 01.
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Figure C63. Same as Fig. 8 for SMC SC6 99991 and bump ID 02.
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Figure C64. Same as Fig. 8 for SMC SC6 99991 and bump ID 03.
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Figure C65. Same as Fig. 8 for SMC SC6 99991 and bump ID 04.
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Figure C66. Same as Fig. 8 for SMC SC6 105368 and bump ID 01.
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Figure C67. Same as Fig. 8 for SMC SC6 105368 and bump ID 02.
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Figure C68. Same as Fig. 8 for SMC SC6 116294 and bump ID 01.
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Figure C69. Same as Fig. 8 for SMC SC6 199611 and bump ID 01.
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Figure C70. Same as Fig. 8 for SMC SC6 272665 and bump ID 01.
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Figure C71. Same as Fig. 8 for SMC SC7 57131 and bump ID 01.
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Figure C72. Same as Fig. 8 for SMC SC8 183240 and bump ID 01.
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Figure C73. Same as Fig. 8 for SMC SC9 105383 and bump ID 01.
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Figure C74. Same as Fig. 8 for SMC SC9 105383 and bump ID 02.
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Figure C75. Same as Fig. 8 for SMC SC9 168422 and bump ID 01.
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Figure C76. Same as Fig. 8 for SMC SC10 8906 and bump ID 01.
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Figure C77. Same as Fig. 8 for SMC SC10 8906 and bump ID 02.
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Figure C78. Same as Fig. 8 for SMC SC11 28090 and bump ID 01.
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Figure C79. Same as Fig. 8 for SMC SC11 46587 and bump ID 01.
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